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FOREWORD 


This  is  one  of  a  series  of  reports  which  summarizes  the  first  6-month 
phase  of  a  planned  3-year  study  of  thermal  and  atmospheric  control  systems 
of  manned  and  unmanned  space  vehicles.  The  study  was  conducted  by  the 
Space  and  Information  Systenis  Division  of  North  American  Aviation,  Inc,  , 
under  contract  AF  33(6l6)-7635,  and  was  sponsored  by  the  Flight  Accessories 
Laboratory  of  Aeronautical  Systems  Division  (formerly  Wright  Air 
Development  Division).  The  Los  Angeles  Division  of  North  American 
Aviation,  Inc.  ,  and  AiResearch  Manufacturing  Company  were  subcontractors 
in  the  study  effort. 


The  reports  covering  the  results  of  the  first  6-month  period  of  this 
study  are  listed  below.  Because  of  the  intention  to  revise,  amplify,  and 
extend  the  material  presented,  each  report  has  been  designated  as  Part  I. 
Additional  parts  of  these  reports  will  be  published  as  the  program  progresses. 
In  addition  to  publishing  these  subsequent  parts,  new  phases  of  the  study  will 
result  in  additional  reports. 
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ABSTRACT 


This  [document  covers  problems  associated  with  one  part  of  th4  thermal 
and  atmospheric  control  study  —  tl|fe  analysis  of  radiation  heat  transfer  in 
space.  The  basic  theory  of  radiation  heat  transfer  and  tl/e  thermal  radiation 
environment  in  space  ai/e  described.  Analysis  techniques  aj^e  included  for 
calculating  space  vehicle  surface  temperatures  and  for  solving  radiation  heat 
transfer  problems  in  gener^.  Tabulated  configuration  factor  data  and 
emittance  data  ^e  presenter 
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Section  I 

INTRODUCTION 


STUDY  PROGRAM 

The  Thermal  and  Atmospheric  Control  Study  conducted  for  Aeronautical 
Systems  Division  (formerly  Wrij^hl  Air  Development  Division)  is  an  analytical 
and  experimental  proftr'am  concerned  with  the  problems  of  environmental 
control  of  future  space  vehicles.  Three  broadly  defined  tasks  were  designated 
for  this  study.  They  are; 

1.  Improved  analysis  metliods  for  predicting  the  requirements  for 
and  the  performance  of  space  environmental  control  systems 

Z.  Improved  methods,  techniques,  systems,  and  equipment  required 
for  environmental  control 

3.  Development  of  criteria  and  techniques  for  the  optimization  of 

environmental  control  systems  and  the  integration  of  these  systems 
with  other  vehicle  systems 

To  accomplish  these  tasks,  industrial  organizations  and  military 
establishments  were  surveyed  to  obtain  data  concerned  with  current  and 
future  thermal  and  atmospheric  control  technology.  Other  endeavors  include 
evaluating  existing  and  newly  crectted  methods  of  analysis,  selection, 
integration,  and  optimization  of  control  systems  and  components.  The 
refurbishment  and  development  of  existing  and  new  analog  or  digital  computer 
programs,  applicable  to  this  study,  are  included.  In  addition,  laboratory 
verification  of  analyses  and  new  design  concepts  form  a  part  of  the  effort 
associated  with  these  tasks. 

To  guide  all  of  the  endeavors  along  lines  which  will  find  immediate 
and  practical  application,  components  and  systems  associated  with  specific 
vehicles  were  studied.  The  vehicles  selected  were  representative  of  a 
number  of  earth-orbital  and  cislunar  missions.  These  hypothetical  vehicles 
were  carried  through  preliminary  design  and  used  as  thermal  and 
atmospheric  control  models. 

ROLE  OF  RADIANT  HEAT  TRANSFER  ANALYSIS 

Although  transfer  of  heat  within  a  space  vehicle  or  satellite  can  occur 
by  radiation,  conduction,  or  convection,  the  only  means  by  which  the  vehicle 
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can  exchange  heat  with  its  environment  is  by  radiation.  Temperature  control 
systems,  either  active  or  passive,  must  eliminate  heat  by  radiation  to  space. 
An  accurate  method  of  radiation  heat  transfer  analysis  is  therefore  of  prime 
importance  for  the  prediction  of  vehicle  and  component  temperatures  and 
the  performance  of  temperature  control  systems. 

This  report  documents  a  study  of  available  methods  of  radiation  heat 
transfer  analysis  and  reviews  the  basic  principles  of  thermal  radiation. 
Included  in  the  appendix  sections  are  tables  of  emissivity  and  reflectivity  for 
certain  surface  coatings  which  can  be  applied  to  space  vehicles.  This  area 
is  also  of  prime  importance  because  even  the  most  refined  analysis  tech¬ 
niques  are  only  as  accurate  as  the  values  of  emittance  and  reflectance  which 
are  used. 
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Section  II 


GLOSSARY  OF  RADIATION  TRANSFER  TERMS 


The  following  ternns  conform  in  terminology  and  symbolic 
representation  to  those  most  widely  used  in  radiation  heat  transfer 
literature , 


Absorptance  or 
absorptivity  a 


Albedo,  a 


O 

Angstrom,  A 


Black  body 


Diffuse  reflection 


Emittance,  f 


Total  emittance 


Ratio  of  absorbed  radiant  energy  to  incident 
radiation.  Related  to  reflectance  and 
transmittance  by 

a  +  p  +  r  =  1 

Ratio  of  radiant  energy  reflected  by  planet  or 
satellite  to  that  received  by  it.  A  dimensionless 
decimal  equal  to  or  less  than  1.  Care  must  be 
taken  to  avoid  confusion  between  the  albedos  of 
total  and  visible  radiant  energy. 

Unit  of  measurement  of  wavelength  of  electro¬ 
magnetic  waves. 

8  •  4 

1  crn  =10  A=10p 

Hypothetical  body  having  the  characteristic  of 
absorbing  all  radiant  energy  striking  it  and 
reflecting  and/or  transmitting  none. 

a  =  1.0,  p  =  r  =  0 

Reflection  that  follows  Lambert's  cosine  law 
(i.e.  ,  intensity  I  is  constant  regardless  of 
angle).  Nonmetallic  surfaces  are  often  nearly 
perfect  diffusive  reflectors. 

Ratio  of  emissive  power  £  of  a  body  to  emissive 
power  of  a  black  body  at  the  same  temperature. 
A  dimensionless  decimal  equal  to  or  less  than  1. 
Distinctions  are  made  between  difference  types 
of  emittance. 

Emittance  of  the  whole  range  of  wavelengths. 
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Monochromatic 

omittance 


Emittance  radiating  at  a  particular  wavelength. 


Hemispherical 

emittance 

Normal  emittance 

Directional  emittance 

Emissive  power  E 

Monochromatic 
emissive  power, 

Total  emissive 
power 

Emissivity,  ( 

Equilibrium 

Flux  density 

Gray  body 


Emittance  radiating  in  all  directions  from  the 
surface . 

Emittance  radiating  in  a  direction  normal  to  the 
surface . 

Emittance  radiating  in  a  direction  at  an  angle  <p 
to  the  normal  to  the  surface. 

Radiant  energy  emitted  at  a  given  temperature 
per  unit  time  and  unit  area  of  radiating  surface. 
Also  called  flux  density.  Expressed  as 
Btu/{hour)  (square  foot). 

Emissive  power  emitted  at  a  single  wavelength 
for  a  given  temperature. 

Emissive  power  emitted  over  the  whole  spectrum 
of  wavelengths. 

A=  oo 
E 

A=0 

See  emittance.  Characterizes  a  certain  material 
in  pure  polished  and  opaque  form,  while  emittance 
pertains  to  a  particular  specimen.  In  this 
report,  however,  no  distinction  is  made  between 
emissivity  and  emittance. 

Condition  in  which  the  interchange  of  radiant 
energy  between  bodies  becomes  and  remains 
constant. 

See  emissive  power  and  incident  radiation. 

A  body  or  surface  for  which 

®A"'A  =  “=  ' 

at  all  wavelengths  and  temperatures.  Its 
emission  distribution  curve  therefore  parallels 
that  of  a  black  body  or  surface  but  is  of  lesser 
magnitude. 


Hemispherical 

Incident  radiation 

Infrared 

Intensity  of  radiation,  I 

Irradiation 
Isotropic  radiation 

Monochromatic 

Radiance 
Radiancy 
Radiant  energy 

Radiant  heat 


Refers  to  the  boundary  condition  of  a  specular 
measurement  in  which  the  solid  angle  being 
considered  is  equal  to  steradians . 

Radiant  energy  Impinging  on  a  surface  per  unit 
time  and  per  unit  area.  Also  called  irradiation 
or  flux  density. 

Region  of  the  electromagnetic  spectrum  extending 
approximately  from  0.  7  5  to  about  300  microns. 

Rate  of  emission  in  a  direction  at  an  angle  0 
to  the  normal  to  the  surface.  Expressed  as 

energy/(area)(time)( solid  angle)(cos  0) 

or 

energy/(time)( solid  angle)(projected  area) 

See  incident  radiation. 

Radiation  impinging  on  a  surface  having  the 
same  characteristics  regardless  of  the  location 
and  direction  of  the  surface. 

Having  a  single  wavelength  and  single  frequency 
of  electromagnetic  vibration. 

See  emissive  power. 

See  emissive  power. 

Energy  emitted  from  a  surface  in  the  form  of 
electromagnetic  waves. 

Radiant  energy  emitted  in  consequence  of  the 
temperature  of  a  body.  Usually  considered  to 
be  that  part  of  the  electromagnetic  or  radiant 
energy  spectrum  between  2,  000  and  50,  000 
angstroms , 

Sum  of  emitted,  reflected,  and  transmitted 
radiation  flux  per  unit  area.  Usually  expressed 
in  Btu/(hour)(sqaare  foot). 
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Radiosity,  J 


Reflectance,  p 


Ratio  of  reflected  to  incident  radiant  energy. 
Related  to  absorptance  and  transmittance  by 

p  +  o+  r  =  1 


Spectral  energy 
distribution 

Specular  reflection 

Stefan-Boltzmann 
constant,  a 

Thermal  radiation 
Transmittance,  r 

Total  radiation 

Ultraviolet 

Visible 

Wavelength,  A 


Monochromatic  emissive  power  over  the  range 
of  the  spectrum  of  an  emitting  surface. 

Refers  to  reflection  which  occurs  in  such  a  way 
that  the  angle  between  the  reflected  beam  of 
radiation  and  the  normal  to  the  surface  equals 
the  angle  made  by  the  impinging  beam  with  the 
same  normal. 

Constant  which  is  independent  of  surface  and 
temperature  and  relates  heat  radiated  to 
absolute  temperature,  area,  and  emissivity. 

The  relationship  is 

* 

q  =  at AT 
r 

See  radiant  heat. 

Ratio  of  radiant  energy  transmitted  through  the 
body  to  the  incident  radiation.  Related  to 
absorptance,  and  reflectance  by 

r  +  a  +  p  =  1 

Sum  of  all  radiation  over  the  entire  spectrum  of 
emitted  wavelengths. 

Region  of  the  electromagnetic  spectrum  extending 
approximately  from  0.01  to  0.4  micron. 

Region  of  the  electromagnetic  spectrum  extending 
approximately  from  0.  4  to  0.  75  micron. 

Distance  measured  along  line  of  propagation 
between  two  points  which  are  in  phase  on 
adjacent  waves. 


Section  III 


THEORY  OF  RADIATION  HEAT  TRANSFER* 


BASIC  CONCEPTS  OF  THERMAL  RADIATION 

The  process  of  emission  of  radiant  energy  by  a  body,  which  depends 
on  its  temperature,  is  called  thermal  radiation.  Each  body,  by  virtue  of 
its  temperature,  is  constantly  emitting  electromagnetic  radiation  from  its 
surface  into  the  surrounding  space  and  is  absorbing  radiant  energy 
originating  elsewhere  and  incident  upon  it.  Electromagnetic  radiation  is 
composed  of  all  wavelengths,  including  extremely  short-wave  secondary 
gamma  rays  and  the  longest  radio  waves.  Theoretically,  all  bodies  emit 
radiation  over  the  entire  electromagnetic  spectrum  (Figure  1). 

The  amount  of  energy  emitted  generally  varies  with  wavelength  in  a 
manner  similar  to  that  shown  in  Figure  2.  The  curves  give  the  spectral 
distribution  of  radiation  from  a  black  body  at  temperatures  of  2700,  1980, 
and  1260  R.  The  maximum  energy  emitted  by  a  body  increases  as  the 
temperature  increases,  and  the  wavelength  at  which  the  maximum  energy  is 
radiated  becomes  shorter  as  the  temperature  increases. 

The  rate  of  radiation  from  a  black,  or  ideal,  body  is  proportional  to 
the  fourth  power  of  its  absolute  temperature.  For  other  bodies,  the  rate  of 
radiation  is  also  proportional  to  the  fourth  power  of  their  absolute  temperature , 
but  the  magnitude  varies  depending  on  material,  surface  condition,  and 
temperature.  The  rate  of  emission  of  energy  per  unit  area  for  non -black- 
body  materials  is  never  greater  than  the  rate  of  energy  emission  per  unit  area 
from  a  black  body.  For  this  reason,  the  black  body  is  used  as  a  standard 
or  reference,  and  emission  from  other  bodies  is  compared  with  it. 

RADIATION  LAWS 

Kirchhoff's  Law 


Kirchhoff,  in  1860,  proposed  a  system  consisting  of  a  completely 
enclosed  hollow  space  into  which  a  thin  plate  is  placed,  the  enclosure  and 
plate  being  at  the  same  temperature. 


♦The  material  in  this  section  of  the  report  was  gathered  from  References 
1  through  5. 
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By  using  the  electromagnetic  theory,  which  holds  that  radiation 
falling  upon  a  surface  exerts  a  pressure  upon  that  surface,  and  the  concept 
of  mechanical  equilibrium  of  radiation,  it  can  be  shown  that  the  radiant 
energy  incident  upon  the  plate  must  equal  the  energy  radiated  from  the  plate, 
or  work  will  be  done  upon  the  plate  by  moving  it.  The  entire  system  is  at 
the  same  tempeiature,  however,  and  the  second  law  of  thermodynamics 
denies  the  possibility  of  transforming  heat  into  external  work  unless  a 
temperature  difference  exists.  Because  the  second  law  of  thermodynamics 
has  thus  far  proven  inviolate,  the  assumption  of  equal  amounts  of  energy 
incident  upon  the  plate  and  radiated  from  the  plate  must  be  accepted. 

Kirchhoff  also  suggested  that  a  nearly  perfect  black  surface  can  be 
produced  by  employing  a  hollow  enclosure  into  which  a  small  aperture  is 
available.  Radiation  passing  into  the  enclosure  through  the  aperture,  which 
itself  acts  as  a  black  surface,  can  be  made  to  suffer  such  a  large  number 
of  reflections  around  the  walls  of  the  enclosure  that  almost  none  of  the 
entering  radiation  can  escape  out  of  the  enclosure  through  the  aperture,  and 
the  absorptance  of  the  aperture  approaches  the  limiting  value  of  unity. 

From  the  assumption  of  equilibrium  of  radiation,  it  is  apparent  that 
a  constant-temperature  enclosure  which  receives  radiant  energy  from  a 
source  at  the  same  temperature  must  emit  an  equal  amount  of  radiant  energy. 
Such  a  system  is  now  considered  with  the  stipulation  that  the  source  is 
emitting  the  maximum  amount  of  energy  that  can  be  emitted  from  any  source 
of  like  size  at  this  temperature.  The  enclosure  absorbs  all  of  the  incoming 
energy  (  a  =  1).  The  enclosure,  also,  must  emit  back  to  the  source,  through 
the  aperture,  an  equal  amount  of  energy.  Then,  if  the  Kirchhoff  black 
surface  is  acceptable,  a  black  surface  has  the  additional  characteristic  of 
emittance  equal  to  unity  =  1).  That  is,  a  black  surface  must  emit  the 

maximum  amount  of  energy  (per  unit  area  and  unit  time)  that  can  be  radiated 
from  any  surface  at  the  same  temperature. 

It  becomes  obvious  that  Kirchhoff's  black  surface  can  be  used  as  either 
a  black  surface  source  or  a  black  surface  receiver  with  the  stipulation  that 
the  temperature  of  the  entire  enclosure  must  be  constant  and  equal  to  that 
for  which  the  black  surface  characteristics  are  required. 

Lambert's  Cosine  Law 


Lambert's  cosine  law  states  that  the  radiant  heat  flux  from  a  plane 
source  of  radiation  varies  as  the  cosine  of  the  angle  measured  from  the 
normal  to  the  surface.  This  assumes  diffuse  radiation  as  opposed  to 
specular  radiation,  that  is,  in  diffuse  radiation,  intensity  I,  expressed  in 
Btu/(hour)(s olid  angle)(projected  area),  is  a  constant  regardless  of  the  angle 
from  the  normal  to  the  surface. 
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Consider  Figure  3,  letting  the  elemental  area  dAj  represent  Lambert' 
diffusely  reflecting  surface.  When  a  constant  density  of  radiation  in  space 
is  assumed  and  only  radiation  in  the  visible  range  is  considered,  the  area 
dAj  cos^  viewed  from  M  appears  equally  as  bright  as  the  area  dA][  viewed 
from  N,  and  the  quantity  of  light  falling  upon  any  area  dA2  is  directly 
proportional  to  the  area  dAj  cos  These  same  concepts  apply  equally  as 
well  to  radiation  of  longer  wavelength  as  they  do  to  radiation  of  the  visible 
range.  The  amount  of  radiant  energy  reaching  a  surface  dA2  from  a  black 
surface  dA  j  is  directly  proportional  to  the  area  dA^  cos  0. 


Figure  3.  Representation  of  Lambert's  Cosine  Law 


True  surfaces  vary  from  this  law  depending  upon  the  material.  When 
the  radiation  intensity  of  a  surface  follows  the  cosine  law,  the  directional 
emittance  is  independent  of  the  angle  of  emission  and  is  identical  with  the 
hemispherical  emittance.  Actually,  the  emittance  of  all  true  surfaces  is 
dependent  to  a  certain  degree  on  the  angle  of  emission. 
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Stefan -Boltzmann's  Law 


Stefan  empirically  found  the  relationship  between  the  Intensity  of 
radiation  from  a  black  surface  source  and  the  absolute  temperature  of  the 
surface.  Later,  Boltzmann  theoretically  reduced  this  same  relationship, 
stating  that  the  heat  radiated  by  a  black  body  is  proportional  to  the  fourth 
power  of  its  absolute  temperature,  or 

q  =  aAT^  (1) 


where 

q  =  Total  heat  emitted,  Btu/hr 

-8  4 

a  =  Stefan -Boltzmann  constant  =  0.  1713  x  10  Btu/(hr)(sq  ft)(®R  ) 

A  =  Emissive  area,  sq  ft 
T  =  Absolute  temperature,  ®R 

For  non-black  bodies,  the  heat  emitted  equals  the  black  body  heat 
emitted  multiplied  by  the  emittance,  or 

q=f{aAT^  (2) 

where 


f  =  Emittance  of  non-black  body 


Wien's  Displacement  Law 


For  black  body  radiation,  if  the  wave  of  length  at  is  displaced 
from  that  of  length  Aj  at  Ti»  such  that  A2T2  =  Xj  Tj,  the  monochromatic 

emissive  powers  at  these  two  wavelengths  are  directly  proportional  to  the 
fifth  powers  of  the  absolute  temperatures,  or 


eA 


1 


(3) 


Wien  also  determined  that  when  the  temperature  of  a  radiating  black 
body  increases,  the  wavelength  corresponding  to  the  maximum  energy  de¬ 
creases  in  such  a  way  that  the  product  of  the  absolute  temperature  and 
wavelength  is  a  constant.  (See  Figure  2.)  This  is  expressed  as 


X  T  =  5216.2//(»R) 
max 


(4) 
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Planck's  Distribution  Law 


The  present  understanding  of  radiation  and  the  spectrum  began  to 
develop  in  1900  when  Ma.x  Planck  formxilated  his  theory  of  the  "granular" 
nature  of  energy  and  developed  a  new  kind  of  statistics,  the  quantum  theory, 
to  handle  his  concept  mathematically.  Radiant  energy  leaving  a  surface  is 
distributed  over  the  entire  wavelength  range,  and  the  distribution  of  the 
energy  with  wavelength  is  a  function  of  the  temperature  and  nature  of  the 
surface.  The  emissive  power  distribution  at  a  given  temperature  for  a  black 
body  is  given  as 


E 


A 


CfA 


-5 


0=2 -  1 


where 

=  1.  1870  X  10®  Btu //"^/(hrHsq  ft) 
=  25,  896  ^(-R) 


e  =  Base  of  natural  logarithm 
Absorption  and  Emission  of  Radiant  Energy 


(5) 


The  efficacy  of  the  surface  to  emit  or  absorb  radiation  is  presented 
in  terms  of  emissivity  and  absorptivity  factors.  These  factors  are  defined 
as  the  ratio  of  energy  emitted  or  absorbed  at  each  wavelength  to  the  energy 
emitted  or  absorbed  by  a  black  body  at  the  same  temperature.  These  factors 
are  usually  presented  as  the  total  or  average  values  over  all  wavelengths  for 
a  particular  surface. 


In  addition  to  being  functions  of  wavelength,  emissivity  and 
absorptivity  are  functions  of  the  angle  the  light  ray  makes  with  the  surface. 
Values  are  reported  usually  in  terms  of  the  normal  (perpendicular  to  the 
surface)  or  hemispherical  (average  overall  angles).  The  variation  between 
normal  and  hemispherical  emissivity  is  shown  in  Figure  4,  as  taken  from 
Reference  3.  Emissivities  or  absorptivities  are  often  presented  as  total 
hemispherical  or  total  normal,  or  they  are  given  as  a  function  of  wavelength  for 
normal  or  hemispherical  radiation.  Reflectance,  or  transmittance  for 
transparent  materials,  is  sometimes  given  rather  than  absorptivity.  This, 
of  course,  is  simply  1  -  a. 

Absorption  or  emission  of  energy  up  to  about  2-  microns  wavelength 
is  due  primarily  to  raising  the  energy  levels  of  the  orbital  electrons.  These 
excited  electrons  then  give  up  their  energy  usually  in  the  form  of  molecular 
vibrational  energy  or  fluorescence.  Most  electronic  transitions  involve 
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relatively  large  energy  steps,  and  the  temperature  of  the  surface  therefore 
has  little  effect  on  absorption  in  this  range.  Because  almost  all  the  solar 
energy  lies  in  the  wavelength  below  2  microns,  solar  absorptivity  Os 
should  be  nearly  constant  with  surface  temperature.  Some  minor  effects 
are  noted  with  temperature,  caused  by  such  factors  as  crystal  structure 
changes. 

Absorption  or  emission  beyond  2  microns  is  due  to  raising  the 
vibrational  and  kinetic  energy  levels  of  the  molecules  themselves.  Organic 
materials  are  more  sensitive  to  vibrational  absorption  than  electrically 
conductive  materials.  Semiconductor  materials  are  generally  transparent 
to  a  large  portion  of  the  infrared  region.  The  absorptivity  or  emissivity  of 
any  material  varies  with  wavelength,  and  this  variation  is  not  the  same  for 
different  materials. 

Absorption  can  also  occur  by  optical  interference,  where  light  is 
reflected  90  degrees  out  of  phase  from  successive  layers  of  a  multilayer 
coating.  This  interference  results  in  absorption  of  the  energy  rather 
than  reflection.  The  coatings  are  usually  alternate  thin  layers  of  metal 
and  a  dielectric,  as  shown  schematically  in  Figure  5.  For  maximum 
absorption,  the  coating  should  be  applied  in  thicknesses  of  one -quarter 
wavelength.  If  the  thickness  is  one-half  wavelength,  the  rays  reinforce 
rather  than  cancel  each  other.  By  proper  choice  of  materials  and 
thicknesses,  narrow  or  broad  bands  of  light  can  be  absorbed. 

Another  technique  for  achieving  high  absorption  is  to  allow  multiple 
reflections  to  take  place  before  the  radiant  energy  leaves  the  surface. 

This  can  be  accomplished  by  placing  cavities  on  the  surfaces,  either  by 
sandblasting  or  by  using  wire  mesh,  honeycomb,  or  similar  techniques. 

This  effect  is  shown  schematically  in  Figure  6.  If  the  holes  are  small, 
only  short  wavelength  radiation  is  absorbed  and  the  surface  appears  flat  to 
long  wavelength  radiation.  The  effect  of  sandblasting  is  to  increase 
emissivity  by  about  10  percent,  as  shown  in  Figure  7  for  oxidized  310 
stainless  steel. 
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Figure  5.  Absorption  by  Optical  Interference 
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Figure  6.  Cavity  Absorption 


Diffuse  and  Specular  Radiation 


Reflection  from  a  surface  can  be  either  specular,  where  the  angle  of 
reflection  is  equal  to  the  angle  of  incidence,  or  diffuse,  where  the  reflec¬ 
tion  follows  Lambert's  cosine  law  regardless  of  incident  angle;  or  it  can 
be  various  combinations  of  diffuse  and  specular.  Some  of  the  combinations 
are  indicated  in  Figure  8.  A  highly  polished  surface  generally  yields 
specular  reflection,  while  roughened  surfaces  cause  diffuse  reflection. 


Reflection  of  infrared  energy  by  metals  is  caused  by  the  interaction 
with  the  conduction  electrons.  If  the  unbound  electrons  remain  free  during 
the  radiation  period,  the  surfi’ce  is  a  perfect  reflector;  if  electrons 
intercept  with  other  electrons,  energy  is  transferred  to  the  atoms.  The 
reflectivity  can  be  expressed  mathematically  as  (Reference  6) 


where 

fi^=  Reflectivity  at  wavelength 
P  =  Resistivity,  ohm -mm 
A  =  Wavelength,  fi 


(6) 
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Figure  8.  Reflective  Surfaces 


Equation  ft  holds  reasonably  well  for  clean  metallic  surfaces  for  wavelengths 
greater  than  approxinnately  2  microns. 

Fresnel  reflections  can  occur  from  the  surface  of  a  dielectric 
material.  By  the  use  of  alternate  layers  of  materials  of  low  and  high  index 
of  refraction,  highly  reflective  surfaces  can  be  achieved.  For  minimum 
absorption,  these  coatings  are  applied  with  a  thickness  of  one-half  wave¬ 
length,  White  paints  reflect  light  due  to  Fresnel  reflection,  although  the 
reflecting  layers  are  randomly  distributed.  The  nature  of  Fresnel  reflec¬ 
tion  is  indicated  in  Figure  9. 

RADIANT  HEAT  EXCHANGE  BETWEEN  SURFACES 

The  Stefan- Boltzmann  equation  for  the  net  radiant  exchange  of  energy 
between  two  black  body  radiators,  one  completely  enclosing  the  other,  is 

V.  =  (7) 


Figure  9.  Fresnel  Reflection 
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Most  cases  of  radiant  energy  transfer,  however,  do  not  consist  of 
one  body  completely  enclosing  the  other.  The  interchange  between  the 
two  surfaces  depends  upon  the  view  the  surfaces  have  of  each  other. 

Usually,  only  a  small  fraction  of  the  energy  leaving  one  surface  is  incident 
upon  the  other.  To  account  for  this,  a  configuration  factor  is  introduced 
into  the  Stefan- Boltzmann  equation,  as 

The  configuration  factor  Fi2  is  defined  as  that  fraction  of  the  total 
energy  originating  at  Ai  which  is  intercepted  by  A2«  Although  the  concept 
of  the  configuration  factor  is  widely  used  in  both  thermal  radiation  problems 
and  illuminating  engineering,  no  standard  designation  or  symbol  for  this 
quantity  is  currently  used  in  the  literature.  Names  often  used  include 
"configuration  factor,"  "shape  factor,"  "shape  modulus,"  "view  factor," 
"sky  factor,  "  "form  factor,  "  "P  factor,  "  and  "flux  factor.  " 

The  mathematical  expression  for  the  configuration  factor  is  derived 
as  follows. 

Suppose  it  is  desired  to  determine  the  radiant  heat  exchange  between 
the  horizontal  and  vertical  black  surfaces  of  Figure  10.  The  amount  of 
energy  which  leaves  dAj  and  impinges  on  dA^  is 


Figure  10.  Heat  Exchange  Between  Two  Surfaces 
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(9) 


where 


dAj 


cos 


cos 


I  =  Intensity  of  raaiation,  Btu/(hr)(projected  area)(solid  angle) 


Because  the  radiation  is  assumed  to  be  of  diffuse  form,  I  is  constant 
in  all  directions.  Therefore,  the  expression  dAj  cos  in  Equation  9 
determines  the  rate  at  which  radiant  energy  leaves  dAj^  in  the  direction  of 
dAz*  The  amount  of  this  energy  which  is  intercepted  by  dA2  depends  on  the 
solid  angle  which  dA2  subtends  with  center  at  dA;^.  This  solid  angle  is 
given  in  Equation  9  by  the  expression  in  parentheses. 


In  a  like  manner,  the  amount  of  energy  which  flows  from  dA2  to  dAj 
is  given  by 


^^21  =  ^2  ^^^2  ^2 


/dAj  cos 

V  ?  ) 


(10) 


Therefore, 


cos  COB  ^2*^1  ‘^■^2 


(11) 


For  diffuse  radiation. 


E  ^  gT 

^  ~  IT  “  It 


Therefore, 


cos  0^  COB  dA^ 


(12) 


and 


Vet  =■ 


(CX. 


COB  0^  COB  ©2  ‘lA-j  dA^ 


(13) 
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prp 


It  follows  from  Equations  8  and  13  that 


and 


iff  <’°»«l«*«2‘*AidA2 
^1*^12  ‘  n1  I  -2 


A  •'A 
1  2 


12  “  A 


i_  f  f  ‘'i 

i"  \  A, 


cos  6,  cos  6^  dAj  dA^ 


(14) 


(15) 


Equation  15  is  the  integral  expression  for  the  configuration  factor  and 
is  dependent  on  the  geometry  of  the  system  only.  Although  this  discussion 
has  been  limited  to  black  surfaces,  it  is  evident  that  for  a  non-black 
surface  the  configuration  factor  F^2  ^l^o  represents  the  fraction  of  radiation 
from  Ai  intercepted  by  A2  (but  not  necessarily  absorbed).  It  should  also  be 
evident  that 


^12 


F  +  F 
13  14 


=  1 


(16) 


where  F13,  F^^, .  .  .  are  the  configuration  factors  for  other  surfaces  which 
are  seen  by  Ai.  If  Aj  is  not  flat,  it  may  see  portions  of  itself  imd  have  a 
finite  F^ 

It  should  also  be  pointed  out  that 

^12‘^1  "  *21^2 


Equation  17  is  often  called  the  reciprocity  theorem.  Thus,  for  the  net 
exchange  between  two  black  surfaces. 


Siet  ■  ■^1^12*^'^1  ■''^2^21  *^^2 

and 

=  ( V  -  t/) 


(18) 


(19) 


In  most  cases,  radiant  heat  exchange  between  two  surfaces  is  influ¬ 
enced  by  the  absorption,  reflection,  and  emission  from  connecting  surfaces. 
If  the  surfaces  are  non-black  (i.  e.  ,  gray  or  real),  a  complete  accounting  of 
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all  the  in  ter  reflections  is  quite  difficult  to  accomplish  analytically. 
Fortunately,  methods  are  available  for  the  more  complicated  radiation 
problems.  These  are  discussed  in  Section  VI. 


Section  IV 


THERMAL  RADIATION  ENVIRONMENT  IN  SPACE 


Incident  radiation  consistB  of  the  direct  radiation  from  the  sun, 
scattered  and  reflected  sun  radiation  from  a  nearby  planetary  body,  and 
radiation  directly  emitted  by  the  planetary  body.  The  value  of  irradiance 
varies  over  the  surface  of  a  vehicle  and  depends  on  the  relative  position 
of  the  surface  with  respect  to  the  sun  and  other  planetary  bodies. 

DIRECT  SOLAR  RADIATION 

The  release  of  energy  from  the  sun  produces  radiation  in  many  forms. 
Most  of  the  radiation  is  thermal,  concentrated  in  the  visible  and  infrared 
spectrum.  The  total  energy  radiated  in  X-ray  and  ultraviolet  bands  is  only 
a  very  small  portion,  measured  in  thousandths  of  a  percent,  of  the  total 
energy  output  of  the  sun. 

Radiation  intensity  is  inversely  proportional  to  the  square  of  the 
distance  from  the  sun.  At  1  astronomical  unit  {the  distance  from  the  svm  to 
the  earth),  the  total  value  of  the  solar  constant  is  443  Btu/ (hour )( square  foot) 
(Reference  7).  The  variation  of  irradiance  for  the  solar  system  is  shown  in 
Figure  11.  The  solar  constant  is  influenced  by  sunspot  and  other  activity, 
but  variations  are  small  (less  than  0.4  percent). 

Many  calculations  are  based  on  the  assumption  that  the  sun  radiates  as 
a  10,  340  F  black  body.  The  black  body  radiant  temperature,  however,  varies 
for  each  wavelength,  and  these  variations  should  be  analyzed  for  more  exact 
calculations.  Examples  of  approximate  temperatures  at  which  the  sun 
radiates  are  given  in  Table  1  for  several  wavelengths  (Reference  8).  The 
deviation  in  spectral  energy  distribution  from  black  body  radiation  is 
probably  caused  by  variations  in  absorption  by  the  solar  atmospheric  gases. 
The  spectral  energy  curve  of  the  sun  is  shown  in  Figure  IZ  (Reference  7). 

The  minimum  temperature  for  any  wavelength  is  approximately 
6750  F.  For  the  production  of  very  short  ultraviolet  wavelengths  and 
X-rays,  the  temperature  in  the  corona  is  in  the  range  of  1  x  10^  F.  Sunspot 
temperatures  are  approximately  3600  F  less  than  the  photosphere;  they  emit 
only  about  10  percent  as  much  energy  as  equal  areas  of  the  solar  surface. 

Curves  of  intensity  and  wavelength  of  the  solar  spectrum  show  that 
most  of  the  energy  from  the  sun  is  carried  in  wavelengths  between  ZOOO  and 
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Figure  12.  Spectral  Energy  Curve  of  Sun 
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Table  1.  Solar  Radiation  Temperatures 


Wavelength 

O 

(A) 

Temperature 

(F) 

3500 

9430 

2900 

9430 

2600 

8530 

2200 

8360 

2000 

7650 

1500 

7650 

1200 

10, 500 

20,  000  angstroms,  with  the  maximum  energy  centered  about  4700  angstroms. 
The  approximate  energy  distribution  of  solar  radiance  by  percent  of  the 
total  is  given  in  Table  2  for  several  wavelength  intervaJs  (Reference  8). 


Table  2.  Energy  Distribution  of  Solar  Electromagnetic  Radiation 


Type 

Wavelength  Interval 
(A) 

Approximate 
Radiant  Energy 
(percent) 

X-ray  and  ultraviolet 

1  to  2000 

0.  2 

Ultraviolet 

2000  to  3800 

GO 

• 

Visible 

3800  to  7000 

41 

Infrared 

7000  to  10,  000 

22 

Infrared 

10, 000  to  20,  000 

23 

Infrared 

20, 000  to  100, 000 

6 

The  normal  sun  produces  X-rays  with  power  density  on  the  order  of 
0.  316  Btu/ (hour)(square  foot).  These  are  probably  produced  in  the  corona. 
During  a  quiet  sun,  X-rays  reaching  the  earth  are  neither  very  intense  nor 
energetic.  Wavelengths  as  short  as  20  angstroms  are  present  and 
penetrate  the  atmosphere  to  within  60  miles  of  the  earth's  surface  when  the 
sun  is  overhead.  During  maximum  coronal  activity  the  total  output  of  X-rays 
may  increase  by  a  factor  of  2  or  3  and,  at  the  same  time,  tend  to  become 
harder  with  wavelengths  as  short  as  6  or  7  angstroms.  Flares  are  a  still 
more  important  factor  in  producing  hard  X-rays,  but  their  intensity  near 
the  earth  is  still  low. 

In  the  ultraviolet  portion  of  the  spectrum  below  2000  angstroms,  the 
greatest  portion  of  the  energy  is  found  at  the  wavelength  (1216  angstroms)  of 
the  resonance  emission  line  of  hydrogen  atoms.  In  spectroscopy,  this  is 


mu  I .  II  iJw.wMptn^i  -^rm 


known  as  the  Lyman  alpha  line.  Below  the  wavelength  of  Lyman  alpha  are 
many  other  emission  lines.  One  which  appears  to  have  more  energy  than 
the  rest  combined,  but  still  much  less  than  Lyman  alpha,  is  found  at  304 
angstroms,  which  is  the  wavelength  emitted  by  ionized  helium.  These 
emissions  are  detected  only  above  the  earth's  atmosphere. 

The  small  amount  of  ozone  present  in  the  atmosphere  absorbs  all 
wavelengths  of  ultraviolet  radiation  below  about  2900  angstroms  and 
attenuates  those  up  to  3  500  angstroms.  Consequently,  ultraviolet  is  much 
more  penetrating  and  intense  above  approximately  19  miles  (100,  000  feet). 
Above  about  47  miles  the  ultraviolet  light  is  practically  unfiltered. 

At  the  infrared  end  of  the  spectrum,  a  number  of  bands  are  absorbed 
in  the  atmosphere  by  water  vapor  and  carbon  dioxide,  but  the  cutoff  wave¬ 
length  does  not  occur  until  in  the  far  infrared.  The  effect  of  the  absorption, 
then,  is  to  diminish  the  intensity  but  not  to  eliminate  completely  the  near 
infrared  even  at  the  surface. 

A  thorough  discussion  of  visible  and  infrared  thermal  radiation  can 
be  found  in  Reference  8. 

REFLECTED  SOLAR  RADIATION 

The  ratio  of  solar  radiation  scattered  back  into  space  without  absorp¬ 
tion  to  that  incident  upon  the  planet  is  termed  "albedo".  The  albedo  of  an 
object  is  the  fraction  of  the  incident  energy  which  is  reflected  by  the  object 
in  the  entire  band  from  ultraviolet  to  the  far  infrared.  The  spectral 
reflectance  of  an  object  ideally  is  the  fraction  of  monochromatic  incident 
energy  of  wavelength  X  reflected  by  the  object,  but  in  practice  it  always  refers 
to  a  finite  narrow  band.  The  visual  albedo  of  an  object  refers  only  to  the 
visible  part  of  the  spectrum.  The  luminous  reflectance  of  various  objects  is 
shown  in  Table  3  (Reference  9)- 

The  planetary  albedo  is  caused  by  scattering  at  the  planet's  surface, 
scattering  by  clouds  and  dust  in  its  atmosphere,  and  molecular  scattering  by 
atmospheric  gases.  The  characteristics  of  the  radiation  emerging  from 
the  top  of  a  planetary  atmosphere  are  complex  as  they  are  functions  of 
terrain,  cloud  covers,  optical  thickness  of  the  atmospheric  gases,  the  sun's 
elevation  angle,  nadir  angle,  azin.  i  angle  with  respect  to  sun,  and  radia¬ 
tion  wavelength.  The  albedo  of  th  •  various  planets  is  shown  in  Table  4 
(References  10  and  11). 

The  visual  albedo  of  the  earth  as  determined  from  earth  shine  varies 
with  the  seasons  from  0.  52  in  October  to  0.  32  in  July,  with  an  average  value 
of  0.  3  5.  Variations  in  cloudiness  may  account  for  most  of  the  seasonable 
variations.  Reference  11  reports  that  albedo  of  clouds  alone  is  about  0.  5, 
which  is  in  keeping  with  maximum  seasonal  values  stated.  Taking  the 
measured  visual  albedo  of  the  whole  earth  as  0.  39  (Reference  11),  the  albedo 


-  29  - 


Table  3.  Luminous  Reflectance  of  Various  Earth  Objects 


Object 

Luminous 

Reflectance  (percent) 

Smithsonian 

Tables 

Sewing 

Handbook 

Krinov 

Water  surfaces 

Bay 

3  to  4 

Bay  and  river 

6  to  10 

Inland  water 

5  to  10 

5 

Ocean 

3  to  7 

Ocean,  deep 

3  to  5 

Bare  areas  and  sand 

Snow,  fresh 

70  to  86 

77 

Snow,  with  ice 

75 

Limestone,  clay 

63 

Calcareous  rocks 

30 

Granite 

12 

Mountain  tops,  bare 

24 

Sand,  dry 

31 

24 

Sand,  wet 

18 

Clay  soil,  any 

15 

Clay  soil,  wet 

7.  5 

9 

Ground,  bare,  dry 

10  to  20 

7.  2 

9 

Ground,  bare,  wet 

5.  5 

Ground,  black  earth 

3 

Field,  plowed 

20  to  25 

Vegetative  formations 

Coniferous  forest,  winter 

3 

Coniferous  forest,  summer 

3  to  10 

8 

Deciduous  forest,  fall 

15 

Deciduous  forest,  summer 

10 

Coniferous  forest,  summer. 

3 

from  airplane 

Dark  hedges 

1 

Meadow,  dry,  grass 

3  to  6 

8 

Grass,  lush 

15  to  25 

10 

Meadow,  low  grass 

8 

Field  crops,  ripe 

7 

15 

Roads  and  buildings 

Earth  roads 

3 

Black  top  roads 

8 

Concrete  road,  smooth,  dry 

35 

Concrete  road,  smooth,  wet 

15 

Concrete  road,  rough,  dry 

35 

Concrete  road,  rough,  wet 

25 

Buildings 

9 

Limestone  tiles 

25 

Table  4.  Planetary  Albedos 


Planet 

Albedo 

Mercury 

0.  07 

Venus 

0.  76 

Earth 

0.  35 

Mars 

0.  15 

Jupiter 

0.  51 

Saturn 

0.  50 

Uranus 

0.  66 

Neptune 

0.  62 

Pluto 

0.  16 

of  the  earth  in  total  sunlight  is  computed  to  be  0.  35.  The  albedos  of  the 
earth's  surface,  clouds,  and  atmosphere  are  computed  separately  in  ultra¬ 
violet,  visible,  and  infrared.  After  2  percent  is  allowed  for  absorption 
by  ozone,  the  albedo  of  the  whole  earth  is  0.  5  in  ultraviolet,  0.  39  in  visible, 
and  0.  28  in  infrared  wavelengths.  Of  the  total  incident  light  on  the  earth, 
the  percentage  reflected  is  2.  3  percent  by  the  earth's  surface,  23  percent 
by  clouds  and  9  percent  by  the  atmosphere,  making  a  total  of  3  5  percent. 

Because  of  the  complexity  of  the  problem  and  because  variations  in 
terrain  affect  the  albedo  greatly,  the  planetary  albedo  is  assumed  to  be 
constant  over  the  surface  of  a  planet;  and  the  planet  is  considered  to  be  a 
diffuse  reflector.  It  should  be  kept  in  mind,  however,  that  the  average 
value  is  open  to  question  and  that  local  variations  could  be  large. 

PLANETARY  EMITTED  RADIATION 

A  planet  radiates  thermal  energy  into  space  due  to  its  temperature. 

The  nature  of  this  radiation  is  a  function  of  latitude,  surface  characteristics 
of  the  planet,  composition  and  optical  thickness  of  atmospheric  gases, 
clouds,  and  the  wavelength  region  of  the  radiation  under  consideration.  The 
temperatures  of  the  various  planets  are  shown  in  Table  5  (Reference  2). 

Difficulties  are  encountered  with  the  earth-atmosphere  model  uced 
to  determine  earth  emission.  If  the  usual  assumption  is  made  that  the 
earth  system  is  in  a  state  of  thermal  equilibrium,  the  magnitude  of  the 
average  earth  emission  becomes  a  function  of  the  average  albedo.  However, 
the  effective  temperature  at  which  the  earth- atmosphere  system  radiates 
and  the  spectral  distribution  of  the  energy  are  not  well  defined.  Some 
sources  estimate  effective  temperatures  near  -6  F.  Such  temperatures  are 
effective  black  body  temperatures  based  on  an  average  albedo  and  an 
equilibrium  earth  system.  With  only  25  percent  of  the  earth  emission 
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Table  5.  Planetary  Temperatures 


Planet 

Probable  Temperature 
(F) 

Mercury 

339 

Venus 

-46 

Earth 

-6 

Mars 

-68 

Jupiter 

-276 

Saturn 

-323 

Uranus 

-372 

Neptune 

i 

o 

o 

Pluto 

coming  from  the  earth  and  75  percent  coming  from  the  atmosphere,  it 
might  be  expected  that  the  spectral  energy  distribution  would  be  different 
from  that  for  a  black  body. 

The  effective  temperature  of  the  earth-atmosphere  system  is  low 
enough  to  cause  the  bulk  of  the  earth  emission  to  fall  in  the  infrared,  where 
the  spectral  characteristics  of  many  materials  are  not  very  sensitive  to 
wavelength.  Also,  the  local  heat  balance  of  the  earth  system  is  too  complex 
to  yield  useful  values  for  local  variations. 
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Section  V 


SPACE  VEHICLE  SURFACE  TEMPERATURE  ANALYSIS 

INTRODUCTION 


This  section  of  the  report  presents  some  available  analytical  techniques 
and  solutions  for  space  vehicle  thermal  problems.  These  satellite  studies 
include  the  following: 

1.  A  simplified  steady-state  analysis  for  near-earth  orbits  based  on 
a  cylindrical  satellite  configuration  with  its  axis  on  a  line  passing 
through  the  center  of  the  earth 

L.  An  IBM  7090  program  for  the  transient  heat  transfer  analysis  of 
a  multi- sided  space  vehicle  in  any  elliptical  or  circular  orbit 

3.  A  space  thermal  environment  study,  including  spherical, 
cylindrical,  hemispherical,  and  flat- sided  satellites 

Regardless  of  the  type  of  temperature  control  system  used  aboard  a 
space  vehicle,  system  requirements  are  a  function  of  the  vehicle's  outer 
surface  temperature.  These  surface  temperatures,  in  turn,  are  dependent 
on  the  following  parameters: 

Orbital  characteristics 

Optical  properties  of  surfaces  and  components,  such 
as  emittance  and  absorptance 
Vehicle  orientation  to  sun  and  planet 
Heat  capacity  of  vehicle  walls  and  equipment 
Conductive,  radiative,  and  possibly  convective  heat 
transfer  between  surfaces  and  equipment 
Internal  heat  generation 

Aerodynamic  heating  for  near-earth  orbits  below  200 
miles 

Solar  constant 
Planetary  albedo 
Planetary  emission 
Vehicle  configuration 
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It  is  also  true  that,  by  proper  selection  of  optical  properties,  the 
surface  temperatures  can  be  controlled  to  different  levels  anywhere  within 
a  very  large  range.  In  optimizing  a  vehicle  design,  however,  the  selection 
of  the  proper  control  system  is  made  complex  because  of  the  many  variations 
that  can  exist  in  the  parameters  listed.  Variations  caused  by  errors  in 
orbital  characteristics,  unknowns  in  the  nature  of  the  radiation  environment, 
vehicle  stabilization  errors  which  affect  orientation,  instability  of  surface 
coatings,  and  other  uncertainties  all  influence  the  heat  balance  on  the  vehicle 
that  determines  the  surface  temperature. 

Determination  of  aerodynamic  heating  in  the  free -molecular  flow 
regime  will  not  be  considered  in  this  report.  For  low-altitude  orbits  below 
200  miles,  however,  it  may  be  significant  in  comparison  with  the  magnitude 
of  the  other  energy  inputs. 

The  analytical  techniques  presented  in  this  section  illustrate  the  com¬ 
plexity  of  the  problem.  They  point  out  ways  of  determining  the  form  factor 
between  the  space  vehicle  and  the  planet  and  sun,  and  the  manner  in  which 
each  of  the  factors  enters  into  the  heat  balance. 
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SIMPLIFIED  SPACE  RADIATION  ANALYSIS 


The  discussion  here  is  of  a  simplified  space  radiation  analysis  which 
takes  into  account  the  contributions  of  solar  and  terrestrial  radiation  and 
assumes  steady- state  heat  transfer.  The  material  was  prepared  by 
AiResearch  Manufacturing  Division  for  incorporation  in  this  report. 

NOMENCLATURE 


a 

D 

L 


‘^CY 

‘^E(SR) 


'^E(TR) 

‘Is 

‘^SR 

^TR 


S 

T 


Earth  albedo 

Diameter  of  radiator  cylinder,  ft 
Length  of  radiator  cylinder,  ft 
Internal  heat  input  to  element,  Btu/hr 

Solar  radiation  reflected  from  earth  and  absorbed  by  element, 
Btu/hr 

Thermal  radiation  from  earth  absorbed  by  element,  Btu/hr 
Total  solar  energy  absorbed  by  radiator,  Btu/hr 
Direct  solar  radiation  absorbed  by  element,  Btu/hr 
Heat  radiated  from  element,  Btu/hr 
Solar  constant  =  443  Btu/(sq  ft)(hr) 

Radiator  surface  temperature,  ®R 


Tg,  Effective  radiating  temperature  of  earth,  ®R 

**S  Solar  absorptivity  of  radiator  surface 

a-j.  Absorptivity  of  radiator  surface  to  earth  emission 

^E  Emissivity  of  earth  for  thermal  radiation 

-8 

a  Stefan -Boltzmann  radiation  constant  =  0,  1713  x  10  Btu/^sq  ft) 

(hr)(»R)^ 

Solar  elevation  angle  measured  from  vertical,  deg 
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HEAT  BALANCE 


The  thermodynamic  aspects  of  the  heat  transfer  problem  are  illus¬ 
trated  by  considering  the  steady- state  heat  flow  balance  equation  (heat 
outflow  equals  heat  inflow)  for  an  element  of  surface  area 

‘^‘^TR  ^  ^^E(TR)  ‘^‘^E(SR)  (20) 

To  determine  the  radiator  surface  area  required  per  unit  of  Internal 
heat  flow,  it  is  necessary  to  determine  what  physical  orientation  of  the 
surface  maximizes  the  sum  of  qsR»  ‘lE(TR)»  *lE(SR)»  because  this 
situation  imposes  the  most  severe  requirement  on  the  radiator  surface.  The 
radiator  is  assumed  to  be  a  cylindrical  surface  with  its  axis  on  a  line  passing 
through  the  center  of  the  earth,  located  at  a  known  distance  h  above  the 
earth's  surface.  For  this  geometry  (shown  in  Figure  13),  ^e^tr)  essen¬ 
tially  independent  of  the  sun's  position,  whereas  <^Qe(SR)  both 

functions  of  the  sun's  position  relative  to  earth  and  vehicle,  and  dq^j/gp^j  is 
also  a  function  of  the  earth's  albedo.  When  an  appropriate  assumption  is 
made  regarding  the  earth's  albedo,  the  radiator  design  considers  the  solar 
position  relative  to  earth  and  vehicle  for  which  the  sum  of  qgp  and  qE(SR) 
is  a  maximum. 


Figure  13.  Space  Vehicle  Orientation 
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ANALYSIS  DESCRIPTION 


In  the  analysis  which  follows,  the  radiator  surface  required  per  unit 
heat  flow  rate  is  determined  as  a  function  of  the  radiator  surface  tempera¬ 
ture  and  a  parameter  which  includes  the  effects  of  the  values  chosen  for  the 
various  emissivities  and  absorptivities  involved  and  for  the  earth's  albedo. 

The  analysis  was  performed  in  two  parts:  (1)  consideration  of  a 
simplified  geometry  in  which  the  earth  is  assumed  to  be  an  infinite  plane, 
and  (2)  refinement  of  the  simplified  geometric  model  to  take  into  account  the 
spherical  shape  of  the  earth.  This  approach  has  an  advantage  in  that  the 
first  part  illustrates  the  essential  physical  phenomena,  unobscured  by  the 
procedural  complications  of  the  second  part. 

Simplified  Geometry  Analysis 

To  determine  the  solar  ele/ation  angle  a,  at  which  the  sum  of  qgp^  a^nd 
*^E(SR)  maximized,  the  definition  is  made  that 

%  ""  ‘^E(SR)  (21) 

The  term  is  thus  the  total  solar  energy  absorbed  by  the  radiator. 

Defining  further, 

qgR  =  ag  DLS  sin  Q  (22) 

‘^E(SR)  “  i  “S  ^ 

The  factor  1/2  is  used  in  Equation  23  for  qE(SR)  because  the  infinite  plane  is 
50  percent  effective  in  enclosing  the  radiator. 

To  determine  the  maximum  value  of  q5  and  the  value  of  fl  at  which 

this  maximum  occurs,  dq  / dll  is  set  equal  to  zero.  It  follows  that 

o 

(24) 


0  s  Og  DLS  ^cos  ft  - 


ffa 

2 


sin 


ft) 


(25) 


dqs 

dft 


d 

^ft 


dg  DLS 


[sin  ft  + 


na. 

2 


COB 


ft) 
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tn.f’  't'  h'  '  ii;'’'V’'r*'r.TTir”,^  vr?' 


To  define  the  angle  which  the  tota? 

by  the  radiator  is  maximized, 

ft  =  tan  ^  ^  ) 

max  \  ira  / 

From  which 


solar  radiation  absorbed 


(26) 


and 


sin  Q 


max 


(27) 


cos  Q, 


max 


1  + 


4  ’ 


2  2 
n  a 


(28) 


The  maximum  solar  radiation  absorbed  by  the  radiator  is 


*^S(max) 


(29) 


=  Og  DLS 


2  2 
n  a 

4 


The  effect  of  earth  albedo  a  and  qg(max)  shown  in  the  following 

table: 


Earth  Albedo 

a 

Solar  Elevation 
Angle  fimax 
(deg) 

%(max) 
Og  DLS 

0 

90 

1.  00 

0.  2 

72.  5 

1.  05 

0.  4 

57.  9 

1.  18 

0.  6 

46.  7 

1.  37 

0.  8 

38.  5 

1.  61 

1.  0  ' 

28.  3 

1.  86 
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For  a  small  element  of  radiator  surface,  dA,  the  heat  balance 
equation  is 

From  which  can  be  obtained 


4 

aT  A  = 


^CY  E  T  E 


Refined  Geometry  Analysis 


Refinement  of  the  previous  analysis,  to  account  for  a  spherical  earth 
rather  than  an  infinite  plane,  is  desirable  because  the  simplified  analysis 
may  be  conservative  to  an  unrealistic  degree. 


The  analytical  process  to  be  followed  is  similar  in  principle  to  that 
discussed  previously.  In  the  present  analysis,  expressions  for  qE(SR) 
*1E{TR)  contain  shape  factors  in  the  form  of  integrals  which  must  be 
evaluated  numerically.  Because  the  mechanics  of  the  derivations  are  quite 
cumbersome,  only  the  results  of  each  analysis  are  reported  in  the  following 
discussion. 


Evaluation  of  qE(TR) 

Evaluation  of  qE(XR)*  assuming  a  spherical  earth  of  3960-mile  radius 
and  a  radiator  altitixde  of  approximately  300  miles  above  the  earth's  surface, 
leads  to  the  result 


%(TR)  0.2722  a  fj,  A 

which  compares  with  the  previous  result  given  by  Equation  31 


‘^E{TR)j 


^  ^E  °T  ^E 


(32) 


(33) 


Equation  33  was  calculated  assuming  the  earth  to  be  an  infinite  plane.  This 
result  indicates  that  the  radiator  surface  absorbs  only  54.  4  percent  of  the 
thermal  radiation  from  the  earth  as  estimated  previously. 
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Evaluation  of  qi£;(SR) 

Evahxation  of  <1e(SR)»  sigain  assuming  a  spherical  of  3960-mile  radius 
and  a  radiator  altitude  of  300  miles,  yields 


‘^E(SR)  "  0*  2696  a g  DLS  ir  a  cos  0 


(34) 


which  is,  again,  about  54  percent  of  that  calculated  assuming  the  earth  to  be 
an  infinite  plane. 


Evaluation  of  Q 

max 

Using  the  relation  given  in  Equation  34  for 


‘^E(SR)’ 


%  ~  %(SR)  ‘^SR 


is  written 


q_  =  «  DLS  sin  12  +  0.  2696  a  DLS  n  a  cos  12 
DO  S 


(35) 


By  differentiating  Equation  35  and  equating  the  result  to  zero,  is 

found  to  be  niax 


12  =  tan 

max 


1  / _ ! _ !) 

yO.  2696  ?ra  j 


(36) 


Evaluation  of 


*%(max) 


Using  the  result  (Equation  36), 


(37) 


This  relation  is  valid  only  for  values  of  12max  the  entire  portion  of  the 

earth  visible  from  the  radiator  is  illuminated  by  the  sun.  For  the  assumed 
radiator  elevation  of  300  miles,  this  implies  0  ^  ^max  -  ^  degrees. 


IBM  7090  PROGRAM  FOR  TRANSIENT  HEAT  TRANSFER  ANALYSIS 
OF  ORBITING  SPACE  VEHICLES 


An  IBM  7090  program  has  been  developed  at  S&ID  which  will  simulate 
the  thermal  environment  of  a  mxiltisided  space  vehicle  in  any  earth  orbit. 
This  program  will  determine  the  transient  temperature  history  of  the 
satellite  shell;  and,  if  desired,  will  also  provide  the  complete  history  of 
the  radiant  energy  incident  upon  the  vehicle  surfaces  due  to  direct  solar 
radiation,  earth  emission,  and  earth  reflected  solar  radiation.  These 
heat  loads  can  be  used  as  input  data  in  a  general  heat  transfer  program  if 
it  is  desired  to  obtain  a  detailed  thermal  analysis  of  the  interior  of  the 
vehicle. 

The  evaluation  studies  presented  in  Section  VIII  were  obtained  through 
the  use  of  this  program.  They  demonstrate  the  flexibility  of  the  program 
when  a  parametric  study  is  conducted. 

A  description  of  the  analysis  techniques  utilized  by  the  program  is 
presented  in  this  discussion.  The  areas  covered  are  orbital  mechanics, 
earth  shadow  intersection  points,  vehicle  configuration  and  orientation, 
temperature  determination,  and  vehicle -to -earth  geometric  configuration 
factors.  A  complete  presentation  of  these  subjects,  as  well  as  programing 
techniques  and  program  philosophy,  can  be  found  in  report  SID  61-105, 
"Program  for  Determining  Temperatures  of  Orbiting  Space  Vehicles,  "  by 
G.  A.  McCue  (Reference  33).  Data  entry,  data  output,  sample  problems, 
the  program  listing,  and  program  flow  diagram  are  also  contained  in 
report  SID  61-105. 

NOMENCLATURE 

A  Surface  area  of  satellite,  sq  ft 

a  Semimajor  axis  of  orbit  ellipse 

a^  Semimajor  axis  of  shadow  ellipse 

Aj  Angle  defined  in  Figures  27  and  28 

b  Semiminor  axis  of  orbit  ellipse 

c  Construction  defined  in  Figure  25 
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Cp  Specific  heat,  Btu/{lb^)  (“  R) 

d  Construction  defined  in  Figure  25 

E  Eccentric  anonnaly 

Eg  Planetary  emission,  Btu/(hr)  (sq  ft) 

e  Eccentricity  of  orbit  ellipse 

Fg  Geometric  form  factor  for  planetary  emission 

Fj^  Geometric  form  factor  for  reflected  solar  radiation 

Fg  Geometric  form  factor  for  direct  solar  radiation 

h  Height  above  earth's  surface 

i  Inclination  of  orbit  ellipse 

M  Mean  anomaly 

m  Subscript  indicating  mass 

P  Semilatus  rectum  of  orbit  ellipse 

P  Perigee  vector 

q  Internal  heat  load,  Btu/hr 

q^  Construction  defined  in  Figure  25 

r  Radius  of  spherical  vehicle 

Tg  Planetary  albedo 

r^  Radius  from  geocenter  (orbit  ellipse) 

rg  Radius  from  geocenter  (shadow  ellipse) 

R  Earth's  radius 

Rg  Reflected  solar  energy  from  planet,  Btu/(hr)  (ft^) 

S  Solar  constant,  Btu/(hr)  (ft^) 

S/q  Sun's  projection  upon  the  orbit  plane 

s  Construction  defined  in  Figures  27  and  28 

t  Time,  hr 

T  Temperature,  ‘R 

Tq  Epoch  time 
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Tjri  Maximum  expected  temperature,  ‘R 

Tg  Fraction  of  orbit  time  in  earth's  shadow 

V  Velocity 

W  Mass  of  satellite  or  surface,  Ibj^ 

X,  y,  z  Rectangular  coordinates  of  equatorial  coordinate  system 

fl  Construction  defined  in  Figures  26  through  28 

Og  Solar  absorptivity  of  satellite  or  surface 

Infrared  absorptivity  of  satellite  or  surface 
Absorptivity  to  reflected  solar 
fi  Angle  between  S/q  and  P  vectors 

y  Construction  defined  in  Figures  26  through  28 

8  Construction  defined  in  Figures  27  and  28 

*  Construction  defined  in  Figures  27  and  28 

€g  Emissivity  of  satellite  surface 

•7  Construction  defined  in  Figures  27  and  28 

d  True  anomaly  increment  between  satellite's  position  and  the  line 

of  nodes 

0  -  €0  True  anomaly 

0g  Angle  between  earth- sun  line  and  the  vertical  between  the  earth 

and  satellite 

%  Angle  between  the  normal  to  a  satellite  surface  and  the  line 

between  the  sun  and  satellite 

6 1  Angle  between  the  normal  to  a  satellite  surface  and  the  line 

between  the  earth  and  satellite 

@2  Half  of  the  angle  subtended  by  the  earth  as  viewed  from  the 

satellite 

fi  Gravitation  constant 

«  A 

a  Stefan-Boltzmann  constant  =  0.  1713x10 

Btu/(hr)  (sq  ft)  (OR'^) 

or^  Mean  anomaly  at  epoch 
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0 


Angle  between  the  satellite  and  the  sun's  projection  upon  the 
orbit  plane 

Angle  defined  in  Figures  27  and  28 
Ct>  Argument  of  perigee 

0  Right  ascension  of  the  ascending  node 

ORBITAL  MECHANICS 

The  physical  model  of  orbital  motion  to  be  utilized  in  this  analysis  is 
an  isolated  dynamic  system  consisting  of  an  earth,  an  earth  satellite,  and  a 
sun  which  revolves  in  the  ecliptic  in  the  astronomical  place  of  the  apparent 
sun,  but  is  infinitely  distant  from  earth.  It  is  assumed  that  the  earth  has 
no  atmosphere,  and  is  represented  gravitationally  by  the  zero-order  and 
second-order  spherical  harmonics  of  its  potential.  It  is  further  assumed 
that  such  a  trajectory  can  be  described  as  a  function  of  time  by  considering 
a  set  of  six  varying  orbital  elements.  The  elements  which  will  be  used  for 
this  analysis  are  semimajor  axis,  eccentricity,  argument  of  perigee,  right 
ascension  of  the  ascending  node,  inclination,  and  the  mean  anomaly  at  epoch 
(a,  e,  (Ot  Q,  i,  Cq)*  These  elements,  along  with  pertinent  equations  of 
elliptical  motion,  are  indicated  in  Figure  14,  The  position  of  the  satellite 
in  the  ellipse  is  described  by  the  angular  advance  from  perigee,  9  -  ui 
(true  anomaly).  The  presence  of  harmonics  in  the  earth's  gravitational 
potential  will  cause  periodic  and  secular  variations  in  several  of  the  orbital 
elements.  Only  the  secular  perturbations  which  result  in  regression  of 
the  nodes  and  advance  of  the  perigee  position  are  considered  in  this 
analysis.  Other  periodic  changes  nave  negligible  effect  upon  the  shadow 
intersection  problem.  First-order  perturbation  theory  as  developed  by 
Cunningham  (Reference  4)  has  been  applied  to  determine  these  variations. 

The  angles  and  cu  are  then  described  as  a  function  of  time  by  the 
linearized  expressions 

fi  =  f  6  (t  -  To)  (38) 

<u  =Wo  +  <u{t  -  Tq)  (39) 

where  Q  and  <u  are  obtained  from  Cunningham's  equations,  and  t  -  To  is  the 
time  since  epoch. 

The  geocentric  position  of  the  sun  is  computed  by  the  program  from 
linearized  expressions  involving  the  earth's  mean  motion  and  the  equation  of 
time  as  a  function  of  date.  A  simple  transformation  of  coordinates  can  then 
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Figure  14.  Elements  of  Elliptic  Orbits 


be  employed  to  yield  the  sun's  position  relative  to  an  orbit  plane  coordinate 
system.  (It  should  be  noted  that  a  more  detailed  description  of  the  orbital 
mechanics  and  associated  vector  algebra  can  be  found  in  Reference  33. ) 

SOLUTION  FOR  SHADOW  INTERSECTION  POINTS 

Perhaps  the  most  important  factor  that  contributes  to  temperature 
variations  during  any  orbital  revolution  is  the  satellite's  being  eclipsed  by 
the  earth's  shadow.  For  this  reason  it  is  important  to  accurately  incorporate 
this  effect  into  any  temperature  prediction  program. 

A  method  for  determining  the  shadow  entrance  and  exit  true  anomalies 
from  the  coordinates  of  the  sun  relative  to  the  orbit  plane  system  was  devised 
and  packaged  as  a  Fortran  subroutine  for  the  IBM  7090.  Further  information 
about  this  subroutine  and  its  use  in  computing  the  percent  of  eclipse  time  as 
a  function  of  various  orbit  parameters  may  be  found  in  Reference  13.  A 
brief  description  of  the  calculation  scheme  employed  by  this  subroutine 
appears  below. 

The  relative  orientation  of  the  orbit,  earth,  and  sun  having  been 
specified,  it  is  seen  that  the  earth  casts  a  shadow  which  will  at  timer  eclipse 
the  satellite.  In  reality  the  sun  is  not  at  infinity,  and  casts  a  converging 
conical  umbral  shadow.  However,  a  rigorous  specification  of  the  position 
at  which  the  satellite  enters  and  exits  from  earth's  true  shadow  leads  to 
needlessly  complicated  expressions.  For  this  reason,  the  following 
simplifying  assumptions  concerning  shadow  geometry  were  made: 

1.  The  earth  was  assumed  spherical  with  its  radius  R  equal  to  3960 
statute  miles. 

2.  The  earth's  shadow  was  assumed  cylindrical  and  umbral  (sun  at 
infinity). 

3.  A.tmoppheric  refraction  and  pemimbral  effects  were  neglected. 

The  soundness  of  these  assumptions  was  verified  through  telescopic 
observation  of  satellites  as  they  entered  the  earth's  shadow.  Actual  entrance 
times  observed  daring  several  transits  of  1959  Alpha  II  and  I960  Iota  I 
usually  differed  from  predictions  by  only  a  few  seconds. 

The  points  of  intersection  of  an  elliptical  orbit  and  a  cylinder  a.xially 
oriented  toward  the  sun  are  the  required  solution  to  the  stated  problem. 
Describing  these  positions  in  three-dimensional  notation  results  in  rather 
complicated  expressions.  Considerable  simplification  can  be  achieved  by 
considering  the  projection  of  the  cylindrical  shadow  upon  the  orbit  plane. 

(See  Figure  15.) 
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Figure  15.  Shadow  Geometry  (Projection  Upon  Orbital  Plane) 


A  geocentric  olllpBe  resvJte  from  the  shadow  cylinder’s  cutting  the 
orbit  plane*  and  is  described  in  polar  coordinates  by 

=  ' . "  (40) 

]/ {I  -  a^)  coB^0  +  a^ 

where  r^  and  a^  are  in  earth  radii. 

The  elliptical  orbit  can  be  represented  in  polar  coordinates  by 

-  a(l  ~  e^) 

*^o  1  +  e  cos  +  |Q) 

where  r  and  a  are  in  earth  radii, 
o 

It  is  apparent  from  the  geometry  of  Figure  .15  that  the  two  ellipses 
need  not  intersect;  they  may  be  tangent  or  may  intersect  in  as  many  as  four 
points.  Of  course,  no  more  than  two  of  these  intersections  can  represent 
the  required  sunlight- shadow  transitions,  and  the  remaining  solutions  must 
be  eliminated. 


The  required  solutions  must  satisfy  the  condition 


Ar  =  r  -  r  =0 
o  8 

A  similar  expression, 

/A  2  Z  „ 

(Ar)  =  r  -  r  =0 
o  s 

was  incorporated  into  the  subroutine  since  it  yielded  less  complex  equations. 
A  functional  iteration  scheme  was  employed  to  seek  the  necessary  solutions 
to  the  problem. 

The  fraction  of  orbit  time  T  spent  in  the  earth's  shadow  can  be 
computed  by  the  equations  of  Figure  14  through  introduction  of  the  eccentric 
anomaly  E  and  the  use  of  Kepler's  equation.  Thus, 

-  e»i»E4)  -  (Ej  -  e  .In  E,)]  (44) 


(42) 

(43) 


As  an  illustration  of  the  use  of  this  program,  the  fraction  of  each  day 
spent  in  the  shadow  v/as  calculated  as  a  function  of  date  for  several  parame¬ 
ters  including  inclination,  semimajor  axis,  eccentricity,  and  launch  time. 


The  percent  of  eclipse  time  for  various  orbit  classes  was  computed 
from  Equation  44.  and  is  presented  in  Figures  16  through  23  as  a  function  of 
date.  Except  as  otherwise  noted,  the  initial  conditions  were  as  follows: 
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4200  MI 


Figure  16.  Eclipse  Time  as  Function  of  Bate 
(Zero  Eccentricity,  0-Degree  Inclination) 


SEMIMAJOR  AXIS  a,  AS  NOTED 
eccentricity  e,  0.0 
inclination  i.  48  DEG 
YEAR.  1961 


AS  NOTED 


SEMIMAJOR  AXIS  a,  6000  MI 


0) 

(i 

Q 

0 

§ 


(X4 

(0 

ci 

0) 

a 

•  H 


54  - 


Figure  21.  Effect  of  Variation  in  Eccentricity  on  Eclipse 


RIGHT  ASCENSION  OF  ASCENDING  NODE  Aq*  ^S  NOTED 
SEMIMAJOR  AXIS  a,  4700  MI 


Figure  ZZ.  Effect  of  Variation  in  Lavinch  Time  on  Eclipse  Time  as  Function  of  Date 
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T  ^  =  1  January  1961 

The  results  are  generally  self-explanatory  and,  therefore, ‘only  a  few  of  the 
more  interesting  points  are  mentioned  here. 

Figures  16  through  20  illustrate  the  effects  of  varying  the  semimajor 
axis  and/or  inclination.  With  zero  inclination  (Figure  16),  eclipse  time  is 
seen  to  vary  seasonally  as  the  sun  moves  between  the  northern  and  southern 
hemisphere.  Increasing  the  semimajor  axis  results  in  increased  seasonal 
variations,  although  maximum  eclipse  time  is  decreased.  Changes  in 
precession  rates  that  arise  from  variations  in  semimajor  axis  and  inclination 
are  illustrated  by  Figures  17  through  20.  It  is  to  be  noted  that  increasing  the 
inclination  and/or  the  semimajor  axis  generally  yields  less  eclipse  time. 

Figure  21  is  concerned  with  variations  in  eccentricity.  The  maxima, 
which  occur  each  time  the  sun  is  in  the  orbit  plane,  are  not  always  equal  as 
was  the  case  for  circular  orbits.  Also,  increasing  the  eccentricity  tends 
to  decrease  the  probability  of  obtaining  total  sunlight  because  the  perigee 
remains  nearer  the  earth. 

Initial  right  ascension  of  the  ascending  node  was  assigned  four  different 
values  to  produce  the  curves  of  Figure  22.  This  variable,  which  is  a  function 
of  launch  time  and  date,  is  seen  to  cause  a  phase  shift  in  the  occurrence  of 
maxima  and  minima.  Thus,  within  limits,  the  launch  time  can  be  chosen  to 
produce  the  most  desirable  eclipse  conditions. 

Figure  23  superimposes  the  curves  of  Figure  22  to  Illustrate  seasonal 
effects  upon  eclipse  characteristics.  It  will  be  noted  that  at  the  equinoxes, 
when  the  sun  is  near  the  earth's  equatorial  plane,  there  is  only  a  slight  day- 
to-day  variation  in  eclipse  time.  Conversely,  at  the  solstices,  the  minima 
become  quite  pronounced. 

VEHICLE  CONFIGURATION  AND  ORIENTATION 

No  attempt  was  made  to  write  a  completely  general  program  with 
respect  to  satellite  shape.  Thus  it  was  decided  that  the  problem  of  specifying 
vehicle  configuration  and  subsequently  orienting  the  vehicle  in  space  would  be 
handled  by  a  separate  subroutine  within  the  program.  This  requires  a  new 
subroutine  for  each  vehicle  configuration,  but  the  extra  cost  for  their 
writing  can  be  amortized  through  less  complex  programs,  increased 
reliability,  and  better  problem  understanding. 
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At  the  present  timei  subroutines  arc  available  for  handling  the  satellite 
shapes  shown  in  Figure  24;  these  are  explained  in  detail  in  the  sample 
problem  section  of  Reference  33.  It  is  felt  that  an  experienced  Fortran 
programer  should  be  able  to  devise  subroutines  for  different  configurations 
PS  the  need  arises. 

The  information  determined  by  the  orientation  subroutine  is  utilized 
in  turn  by  the  geometric  form  factor  subroutine  which  calculates  the 
geometric  form  factors  necessary  in  the  temperature  analysis.  The 
geometric  form  factor  subroutine  is  described  in  the  next  discussion. 

GEOMETRIC  CONFIGURATION  FACTORS 

In  order  to  calculate  the  temperature  of  an  orbiting  space  vehicle,  it 
is  necessary  to  determine  the  geometric  form  factors,  which  always 
constitute  a  basic  problem  with  radiation  heat  transfer  analysis.  As 
explained  in  the  previous  discussion,  an  orientation  subroutine  supplies 
information  relative  to  the  position  of  the  vehicle  with  respect  to  space, 
the  earth,  and  the  sun.  This  information,  in  turn,  is  used  by  a  geometric 
form  factor  subroutine  which  calculates  the  form  factors  needed  in  the 
analysis. 

Since  the  form  factor  subroutine  is  a  separate  closed  subroutine 
within  the  main  program,  it  may  easily  be  replaced  or  changed  to  incorporate 
whatever  method  of  form  factor  computation  is  desired.  Several  routines 
that  have  been  devised  to  compute  the  form  factors  for  rotating  spheres, 
plane  surfaces,  and  rotating  cylindrical  surfaces  are  described  here. 

Listings  of  the  three  subroutines  for  these  cases  appear  in  Reference  33. 

Rotating  Sphere 

The  direct  solar  form  factor  for  a  uniformly  rotating  sphere  is 
derived  thusly 


F  -  Projected  area 
8  Total  surface  area 

2 

=  ~5.— s  0.  25  (45) 

4  irr 

The  geometric  form  factor  for  earth  emission  Fjj  may  be  derived  by 
considering  the  satellite  to  be  a  point  source  in  space  viewing  the  earth. 

This  assumption  is  correct  if  the  satellite  is  rotating  or  has  a  uniform 
surface  temperature.  Referring  to  Figure  25,  it  is  seen  that  Fg  is 
therefore  equal  to  the  shaded  percentage  of  the  sphere  with  radius  c. 
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ROTATING  SPHERE 


AXIS  INERTIALLY  ORIENTED 
AXIS  ORIENTED  TOV.’ARD  EARTH 


AXIS  EARTH  ORIENTED  VERTICAL  ROTATING 

APPROXIMATE  CYLINDER 
(MULTIPLE  FLAT  SURFACES) 


Figure  24.  Satellite  Configurations  Used  in 
Transient  Temperature  Analysis 


r^’''*rT"»"'‘^'’'^'«  «•'.■'  1  rrf 


write 


Considering  the  right  triangle  formed  by  R,  Cj  and  (R  +  h),  one  may 


2  ,  2  2 
c  =  (h  +  R)  -  R 


c  =  /Mh  +  2R!) 

Considering  the  a\.\xiliary  constructions  which  yield  d  and  q,  and 
comparing  the  similar  right  triangles,  it  is  seen  that 


c  R  +  h 


and  therefore, 


R  +  h 


=  -  “  =  "  -irfir) 


Fg  is  computed  by  comparing  the  area  of  spherical  segment  with 
height  to  the  sphere's  total  surface  area.  Thus, 


Zn'cq 


(^) 


F  .  ii'i  -  AsLtm.) 

E  2  V  R  +  h  / 


Form  factors  for  reflected  solar  were  approximated  by  the  equation 

'■r  ■’ 


This  simplification  results  in  an  error  due  to  the  reflected  solar  being  set 
equal  to  zero  at  the  terminator.  Actually,  the  vehicle  can  still  receive  some 
reflected  solar  radiation  when  beyond  the  terminator.  However,  the  error 
introduced  by  this  assumption  is  felt  to  be  negligible. 
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Form  Factors  for  Plane  Surfaces 


The  direct  solar  form  factor  for  a  plane  surface  is  simply  the  ratio  of 
the  projected  area  exposed  to  the  sun  to  the  total  surface  area,  or 

Computation  of  the  earth  emission  form  factor  F^  is  considerably  more 
complicated.  It  is  accomplished  by  one  of  three  methods,  depending  upon 
the  geometry.  The  unit  sphere  method  is  employed  to  derive  the  form 
factor  equations. 

Case  I 

The  first  case  occurs  when  the  surface  can  "view"  the  entire  earth. 
Referring  to  the  geometry  of  Figure  26,  it  is  seen  that  is  the  angle 
between  the  surface  normal  and  the  radius  vector  to  earth,  and  ^2  half 
the  angle  subtended  by  the  earth.  ^2  nia^y  he  found  from  the  expression 

«2  =  RTh  <5" 

Let  a  be  the  radius  of  the  earth's  projection  upon  a  unit  sphere  constructed 
upon  the  surface  (note  auxiliary  constructions).  Then, 

“  =  “"*2  =  STh 

The  circle  of  radius  a  may  then  be  projected  upon  the  plane 
representing  the  vehicle  surface  to  form  an  ellipse  with  semimajor  axis  a 
and  semiminor  axis  y  (plan  view).  Y  equals  the  projected  length  of  a  ,  or 

y  =  a  cos  (53) 

The  earth  emission  form  factor  for  this  case  is  therefore  given  by 

p  -  Area  of  ellipse 
E  Area  of  unit  circle 

-  c  y  -ay 

IT 


or 


cos  dj 


(54) 
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Figure  26.  Form  Factor  Determination  (Case  I) 
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Case  II 


When  the  sum  of  and  62  exceeds  90  degrees  (Figure  27),  part  of  the 
earth  is  not  visible  to  the  surface.  The  projection  upon  the  surface  of  the 
eartli's  projection  upon  a  unit  sphere  forms  an  ellipse  with  dimensions  a 
and  V.  The  areas  of  interest  are  the  shaded  half -ellipse  and  the  similarly 
shaded  segments  of  the  ellipse  and  circle.  The  dimensions  B  and  17.  must  be 
found  in  order  to  evaluate  the  area  of  the  ellipse  segment.  Referring  to  the 
auxiliary  constructions  of  Figure  27,  the  derivation  proceeds  as  follows; 

e  =  cos  0^ 


and  therefore. 


s  =  €  tan  (90  -  =  cos  tan  (90  -  ^2^ 


Noting  that 


tan  (90  -  dj) 


cos 
sin  6^ 


and 


cos 


.  2 
sm 


0. 


it  follows  that 


s 


cos 
sin  6^ 


Therefore, 


»? 


s  cos  0^ 


cos 

sin 


The  derivation  of  8  proceeds  as  follows: 


(55) 


where 


B  = 


a  cos 


0. 


= 


•  2  , 
sin  tp 


sin  ^ 


s 


cos  0^ 
Bin 
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SURFACE  NORMAL 


Figure  27.  Form  Factor  Determination  (Case  II) 


Substitution  and  trigonometric  manipulation  yields 


S  = 


sin  $ 


2  2  - 
cos  B. 


(56) 


The  required  form  factor  is  given  by  the  equation 


E 


1/2  (Area  of  ellipse)  +  Segment  of  ellipse  +  Segment  of  circle 


Area  of  circle 


which  becomes 


n 


^  clY  +  Stj  +  aYsin  ^  "y  +  ^  (Aj  -  sin  Aj) 


(57) 


where  A^  is  found  from 


sin-^  =  5 


(58) 


Case  III 

A  third  case  occurs  when  0j  is  greater  than  90  degrees  as  seen  in 
Figure  28.  Again,  the  projection  upon  the  surface  of  earth's  projection  upon 
the  unit  sphere  is  an  ellipse  with  dimensions  a  and  Y.  The  area  required 
for  form  factor  determination  is  the  shaded  portion  of  the  circle  excluded 
from  the  ellipse.  Utilizing  auxiliary  constructions  once  more,  it  is  seen 
that 


€  =  cos 


and 


Noting  that 


and 


8  =  c  tan  (dj  -  90)  =  cos  0^  tan  (6^  -  90) 


cos  0^ 


a 


2 


s 


tan 


-  90) 


-66  - 


Figure  28.  Form  Factor 


it  follows  that 


>?  =  -8  cos  dj  =  -  1  -  a  ^  cos  dj  tan  -  90) 


(59) 


S  may  be  derived  from  the  auxiliary  construction  by  first  noting  that 
8  =  a  cos  <fj^  =  a  1  -  sin^  <f>^ 


where 


sin 


=  i-  '/l  - 


tan  -  90) 


Substitution  and  trigonometric  manipulation  yields 

1 


6  = 


cos  (0,-9-^  <^1  ■ 


(60) 


The  earth  emission  form  factor  is  found  from  the  expression 

Segment  of  circle  +  Segment  of  ellipse  -  1/2  (Area  of  ellipse) 


which  becomes 


Area  of  circle 


^(Aj  -  sin  A^)  +  8 rj  +  sin  "  "f" 


(61) 


where  A^  is  found  from 


sin  ~  ^ 


By  inspection  of  the  geometry  of  Figure  28,  it  is  apparent  that 
becomes  zero  when  ^  degrees. 

It  was  assumed  that  the  reflected  solar  form  factor  could  be 
approximated  by  the  expression 

Fj^  =  cos  (62) 

The  formulas  just  developed  were  incorporated  into  the  form  factor 
routine  for  plane  surfaces  which  appears  in  Reference  33. 


Form  Factors  for  Curved  Surfaces 


A  good  approximation  to  a  curved  surface  may  be  obtained  by  dividing 
it  into  an  adequate  number  of  plane  surfaces.  This  procedure  was  utilized  to 
simulate  the  rotating  cylindrical  vehicle  of  sample  problem  4  of  Reference  33. 
In  this  example,  the  cylindrical  surface  was  approximated  by  24  plane 
surfaces  equally  spaced  around  the  principal  axis.  The  contributions  of  each 
plane  were  then  averaged  to  obtain  a  single  form  factor  for  the  rotating 
cylindrical  surface.  (The  assumption  of  rapid  rotation  results  in  a  uniform 
surface  temperature.  ) 

TEMPERATURE  DETERMINATION 


The  surface  temperature  of  a  space  vehicle  in  orbit  about  the  earth  is 
determined  by  the  heat  balance  between  the  vehicle  surface  and  its 
environment,  which  includes  the  sun,  the  earth  and  its  atmosphere,  and 
space  which  acts  as  a  heat  sink  (Figure  29).  The  vehicle  receives  solar 
energy  directly  from  the  sun  or  indirectly  (reflected)  from  the  earth  and  its 
atmosphere.  Energy  emitted  by  the  earth  and  its  atmosphere  also  contributes 
measurably  to  this  heat  balance.  (The  largely  geometricad  problem  of 
determining  what  radiation  the  vehicle  receives  from  each  source  at 
successive  positions  around  the  orbit  was  presented  in  the  previous 
discussion,  which  described  the  procedures  used  in  calculating  the  geometric 
form  factors.  ) 


Other  factors  which  influence  this  heat  balance  are  the  value  of  the 
solar  constant,  the  planetary  albedo,  and  assumptions  concerning  planetary 
emission.  The  planetary  emitted  energy  was  assumed  to  be  uniform  over 
the  earth's  surface  and  approximately  equivalent  to  that  of  a  black  body  for 
the  temperatures  shown  in  Table  5.  The  vehicle's  surface  absorptivity  for 
this  energy  was  assumed  equivalent  to  the  total  hemispherical  emissivity  of 
the  surface  at  approximately  the  same  temperature. 


The  rate  of  change  of  the  temperature  of  a  surface  of  an  orbiting 
satellite  may  be  obtained  from 


Wc 

P 


dT 

dt 


a  AF  S  +  a^F  AE 
s  s  EE 


E 


+  a_  F_  AR 
R  R 


E 


+  q 


c  <rAT 
8 


(63) 


where 


T  =  Temperature  of  shell,  “R 
t  =  Time,  hr 

W  =  Mass  of  satellite  or  surface,  Ibjyj 
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RADIATION 
TO  SPACE 


Figure  Z9.  Space  Vehicle  Heat  Balance 

=  Specific  heat,  Btu/(lbj^)  (®R) 

=  Surface  area  of  satellite,  sq  ft 
=  Internal  heat  load,  Btu/hr 

-8  4 

=  Stefan-Boltzmann  constant  =  0.1713  x  10  Btu/(hr)(sq  ft)(  R  ) 
=  Solar  absorptivity  of  satellite 
=  Infrared  absorptivity  of  satellite 
=  Absorptivity  to  reflected  solar 


Fg  =  Geometric  form  factor  for  direct  solar  radiation 

Fj,  =  Geometric  form  factor  for  planetary  emission 

Fj^  =  Geometric  form  factor  for  reflected  solar  radiation 

S  =  Solar  constant,  Btu/(hr)(sq  ft) 

=  Planetary  emission,  Btu/(hr){sq  ft) 

R  =  Reflected  solar  energy  from  planet,  Btu/(hr)(sq  ft) 

Cg  =  Emissivity  of  satellite  surface 

The  temperature  prediction  program  incorporates  a  finite  difference 
version  of  the  Equation  63.  The  following  assumptions  are  made; 

«s  "  ®R 

®E  "  ^s 

Rg  =  Srj.  ( 64) 


^R  =  ^E  ^s 

wiiere 

r^  =  Planetary  albedo 

$  =  Angle  between  earth-sun  line  and  vertical  from  planet  to  satellite 

s 

The  program  utilizes  several  tolerances  to  ensure  that  the  finite 
difference  method  will  yield  valid  results.  Steps  are  taken  to  ensure  that  the 
maximum  time  interval  used  during  any  step  in  true  anomaly  will  not  exceed 
u  time  tolerance  entered  as  data  or  one  computed  from  the  equation 

I  / 

TO.  = 
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Computation  is  begun  by  providing  approximate  values  of  the  various 
surface  temperatures  at  perigee.  The  program  will  then  compute 
temperatures  at  successive  intervals  around  the  orbit  until  it  has  returned 
to  perigee.  Chances  are  that  the  approximate  value  and  the  newly  computed 
temperature  at  perigee  will  not  agree.  The  program  then  repeats  the 
computation,  utilizing  the  new  temperature  as  an  initial  value.  This 
iteration  process  is  repeated  until  initial  and  final  temperatures  converge 
to  within  an  acceptable  tolerance. 

Thus,  the  program  obtains  a  transient  temperature  history  during  a 
particular  revolution  of  the  satellite.  Figure  30  shows  the  described 
convergence  effect  for  a  case  involving  a  rotating  sphere.  Computation  was 
begun  with  an  initial  temperature  guess  of  100  F.  The  lower  curve  shows 
the  temperature  history  computed  during  the  first  iteration,  while  the  upper 
curve  represents  the  results  of  the  third  iteration.  After  three  iterations, 
the  initial  and  final  temperatures  coincide.  This  curve  therefore  represents 
the  transient  temperature  history  during  the  revolution  in  question. 

That  the  lower  curve  would  r'^present  the  temperature  history  during 
the  first  orbital  revolution  of  a  satellite  injected  into  orbit  with  an  initial 
temperature  of  100  F  is  noteworthy.  By  the  third  revolution,  the 
temperature  carve  would  become  rather  stable.  Thereafter,  it  would 
experience  slight  day-to-day  changes  brought  about  by  orbital  precession 
and  other  factors. 

• 

Although  the  foregoing  discussion  was  confined  to  temperature 
determination,  it  should  be  noted  that  the  amount  of  radiant  energy  that  is 
absorbed  by  each  satellite  surface  from  the  space  environment  is  also 
available  from  the  program.  This  information  may  be  utilized  as  input 
data  in  a  general  heat  transfer  program  if  it  is  desired  to  obtain  a  detailed 
thermal  analysis  of  the  interior  of  the  vehicle.  This  capability  of  the 
program  may  prove  to  be  more  important  than  its  capability  to  compute 
satellite  shell  temperature  histories. 

PROGRAM  LISTING  AND  DECK  SEhUP 

Figures  31  and  3Z  illustrate  the  general  approach  used  in  the  program 
by  showing  the  main  program  flow  diagram  and  deck  setup.  It  is  beyond  the 
scope  of  this  report  to  go  into  detail  with  respect  to  these  diagrams,  since 
they  are  primarily  of  interest  to  program  writers.  It  is  recom.mended  that 
Reference  33  be  consulted  for  a  complete  explanation  of  these  areas  of 
interest. 
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Figure  31.  Deck  Setup 
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Figure  32.  Main  Program  Flow  Diagram 
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SPACE  THERMAL  ENVIRONMENT  STUDY 


The  results  of  para^netric  analyses  conducted  by  the  Astronautics 
Division  of  Convair  (General  Dynamics  Corporation)  are  presented  here 
(Reference  15).  Elemental  vehicle  shapes,  including  a  sphere,  cylinder, 
hemisphere,  and  plane  surfaces,  are  considered  with  attitudes  and  altitudes 
as  parameters.  The  development  of  the  analysis  for  the  planetary  reflected 
solar  takes  into  account  the  incident  radiation  as  the  vehicle  crosses  the 
terminator,  thus  representing  a  more  detailed  solution  of  the  form  factor 
than  previously  discussed. 

NOMENCLATURE 

A  Area,  sq  ft 

a  Albedo 

b  Distance  defined  in  Figure  39 

D  Cylinder  diameter,  ft 

d  Radius  defined  in  Figure  39 

ds  Element  of  planet  surface  area,  sq  ft 

E^  Solar  energy  rate  reflected  per  planet  unit  area,  Btu/(hr)(sq  ft) 

E^  Total  energy  rate  emitted  per  planet  unit  area,  Btu/(hr)(sq  ft) 

Eg  Energy  rate  emitted  or  reflected  per  planet  unit  area  in  the 

direction  a,  Btu/(hr)  (sq  ft) 

F  View  factor  for  flat  plate 

h  Altitude  above  planet  surface,  nautical  miles 

L  Length  of  cylinder,  ft 

P  Area  of  flat  plate,  sq  ft 

p  Radius  of  integrating  hemisphere  (Figure  39) 

q  Radiant  energy  rate  received  by  vehicle,  Btu/hr 
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Radius  of  planet,  nautical  miles 

Radius  of  sphere  or  hemisphere,  ft 

Solar  constant,  Btu/  (hr)(sq  ft) 

Distance  defined  in  Figure  39  or  Figure  42 

Angle  between  normal  to  planetary  element  and  vector  to 
vehicle,  deg 

Angle  between  earth- sun  vector  and  extended  normal  to  planetary- 
elemental  area,  deg 

Angle  betv'een  vertical  to  vehicle  and  cylinder  or  hemisphere 
axis  or  normal  to  flat  plate,  deg 

Angle  between  axis  of  cylinder  or  hemisphere  or  normal  to  flat 
plate  and  vector  from  vehicle  to  planetary  elemental  area,  deg 

Angle  between  vehicle-earth  vector  and  vector  from  vehicle  t> 
planetary  elemental  area,  deg 

Spherical  ordinate,  deg 

Spherical  ordinate  of  horizon  as  seen  from  vehicle,  deg 
Angle  defined  in  Figure  39,  deg 

Distance  between  planet  surface  element  and  vehicle,  naut  mi 
Spherical  abscissa,  deg 

Angle  of  rotation  of  axis  of  cylinder  or  hemisphere  or  normal  to 
flat  plate  about  vertical  to  the  vehicle,  measured  from  plane  of  the 
earth- vehicle  and  earth- sun  vectors,  deg 

Angle  defined  in  Figure  39,  deg 

Angle  defined  in  Figure  39,  deg 

Refer  to  various  intersections  on  planetary  sphere 
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PLANETARY  THERMAL  EMISSION 
Analysis  Method 

Thermal  energy  is  radiated  by  planets  in  the  same  manner  as  by  any 
heated  body.  The  magnitude  of  this  radiation  depends  on  the  surface 
temperature  and  its  emission  characteristics.  The  latter  involves  the 
properties  of  any  atmosphere  which  may  exist,  as  well  as  the  emissivity  of 
the  surface  itself.  Consequently,  changes  of  atmospheric  conditions, 
topography,  season,  and  time  of  day  introduce  variations  in  the  planetary 
thermal  radiation.  Neglecting  details  of  the  planet  surface,  hov/ever,  it  is 
possible  to  compute  the  average  energy  radiated  by  a  planet  using  a  thermal 
balance  based  on  the  solar  radiation  absorbed  by  the  planet.  As  the 
temperatures  of  most  planets  do  not  vary  appreciably  over  extended  periods, 
it  can  be  concluded  that  the  thermally  radiated  energy  is  equivalent  to  the 
absorbed  solar  energy.  Therefore,  since  the  incident  solar  energy  and 
average  albedo  are  well  known  for  most  planets,  the  average  thermal 
radiation  can  be  readily  calculated. 

The  energy  balance  is 

(1  -  a)  SttR^  =  4  IT  R^  (66) 

or 

Et  =  (  S  (67) 


where 

S  =  Solar  heat  flux  per  unit  projected  area  of  planet  (as  seen  from  sun) 


Since  the  magnitudes  of  the  thermal  radiation  from  the  various 
planets  are  established,  there  remains  only  the  calculation  of  this  energy  in 
space  as  it  will  be  intercepted  by  a  space  vehicle.  To  make  this  analysis 
possible  parametrically,  it  is  assumed  that  the  planet  surface  is  radiating 
uniformly  so  that  the  average  value  applies  to  any  region  of  the  surface. 
Because  of  the  expected  spacecraft  velocities  and  trajectories,  this  appears 
to  be  a  reasonable  assumption.  In  addition,  since  thermal  radiation  is  only 
significant  for  altitudes  less  than  about  three  planet  diameters,  the  radiation 
is  far  from  being  parallel  and,  consequently,  the  vehicle  external  configura¬ 
tion  must  be  specified  for  a  heat  flux  value  in  space  to  be  meaningful.  The 
shapes  considered  here  include  the  sphere,  hemisphere,  cylinder,  and  flat 
plate.  In  general,  any  space  vehicle  shape  could  be  analyzed,  for  practical 
purposes,  as  an  assembly  of  flat  plates,  making  it  unnecessary  to  study,  in 
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parametric  detail*  specific  configurations  whose  analytical  treatments  are 
appreciably  more  complex  than  that  of  the  flat  plate.  Configurations  other 
than  those  mentioned  will  generally  be  in  this  area  of  higher  complexity. 

For  convenience,  thermal  radiation  heating  data  calculated  for  the 
stated  configurations  are  plotted  in  reference  to  the  earth.  To  use  the 
curves  for  a  vehicle  in  the  proximity  of  another  planet,  it  is  only  necessary 
to  correct  the  altitude  being  considered  to  an  equivalent  earth  altitude  by 
multiplying  it  by  the  ratio  of  the  earth  radius  to  the  planet  radius,  and  using 
the  appropriate  planetary  thermal  radiation  value  (E^)  in  the  ordinate  term. 


Emission  to  Sphere 


The  geometrical  relationship  for  a  spherical  body  is  shown  in  Figure 
33.  The  radiant  heat  flvix*  incident  to  a  sphere  of  radius  r  from  the  element 
of  planet  surface  ds  is 


nr  E. 


dq  = 


ds 


(68) 


where  the  energy  radiated  in  the  direction  determined  by  a  is 

E„ 


E^  cos  o 


(69) 


Then 


dq  = 


r  E^  cos  a  ds 


(70) 


Making  the  substitutions. 


H  = 

h  +  R 

(71) 

Hcos  0  -  R 

(72) 

cos  a  = 

P 

ds  = 

R^sin  0  d  0  d  0 

(73) 

2 

P  = 

R^  +  -  2RH  cos  e 

(74) 

The  total  incident  heating  rate  from  the  planet  to  the  sphere  is 

2 


q  =  2r 


f  I  ^  -  R)  0 

^  I  I  (R^  +  -  2RH  cos  ey 


d(9d0 


(75) 
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Figure  33.  Geometry  of  Planetary  Thermal  Emission  to  Sphere 


which,  after  integration  and  substitution  of  cos  $  =  R/H,  yields 

o 


Figure  34  shows  the  value  q/n  r^Ej,  the  planetary  thermal  radiation  to 
[  a  sphere  per  unit  of  great  circle  (or  projected)  area  and  per  unit  of  surface 

thermal  radiation,  as  a  function  of  the  altitude  above  the  earth  surface.  The 
i  term  Et  is  included  in  the  ordinate  scale  definition  rather  than  in  the  curve 

plot  itself  to  preclude  obsolescence  of  the  curves  in  the  event  a  more 
accurate  value  for  earth  albedo  is  determined  in  the  future. 

( 

Emission  to  Cylinder 

The  configuration  for  a  cylindrical  body  is  shown  in  Figure  35.  A  new 
variable,  the  attitude  of  the  cylinder  with  respect  to  the  planet,  defined  by 
the  angle  Y,  has  to  be  considered. 
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CYLINDRICAL  BODY 


Figure  35o  Geometry  of  Planetary  Thermal  Emission  to  Cylinder 


The  radiant  heat  flux  incident  to  the  lateral  surface  of  a  cylinder  of 
dimeter  D  and  length  L  from  the  element  of  planet  surface  ds  is 

DL  sin  A  E  cos  a  ds 

dq  =  - ^ -  (77) 

np  ^ 

where  DL  sin  A  is  the  projection  of  the  cylinder  surface  as  seen  from  ds, 
and  Et  cos  a  In  is  the  energy  radiated  in  the  direction  a  .  The  values  of  H, 
cos  a  ,  ds,  and  p^  are  given  again  by  Equations  71  through  74. 

The  value  of  sin  A  is 


sin  A  =  V  1  -  (cos  S  cos  y  +  sin  5  sin  y  cos  9S  ) 
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where 


H  -  R  cos  0 

cos  o  =  - 

P 

(79) 

,  g.  R  sin  d 

sin  o  =  - 

P 

(80) 

After  substitutions  and  sonne  algebraic  manipulation,  the  total  incident 
heat  flux  from  the  planet  to  the  cylinder  can  be  written  as 


where 

A 

B 

C 


2DLE 


.6 

- 


(H  cos  ^  -  R)  sin  6 
o  -Q  (H^  +  -  2RH  cos  0)^ 


A  +  B  cos  0  -  C  cos  0  d6d<f> 


R^  +  -  H^cos^  y  -  2RH  cos  6  sin^  Y  -  R^cos*^ ^  cos^Y 

2R^  sin  d  cos  6  sin  Y  cos  Y  -  2RH  sin  0  sin  Y  cos  Y 
R  sin  0  sin  Y 


(81) 


(82) 

(83) 

(84) 


Equation  81  cannot  be  integrated  analytically;  a  numerical  integration 
is  required.  To  perform  this,  and  other  numerical  integrations  mentioned 
later,  the  solutions  were  programed  on  an  automatic  digital  computer.  The 
results  are  plotted  in  Figure  36,  where  the  values  of  q/DLE^  are  given  as  a 
function  of  the  altitude  above  the  earth  surface  h,  with  the  attitude  angle  Y  as 
a  parameter. 


To  apply  the  curves  of  Figure  36  to  a  vehicle  in  the  proximity  of  a 
planet  other  than  earth,  the  same  procedure  and  correction  term  as  given  for 
the  case  of  the  sphere  may  be  used. 

Emission  to  Hemisphere 


The  configuration  for  a  hemispherical  body  is  shown  in  Figure  37.  The 
orientation  parameter  Y  for  the  hemisphere,  although  similar  to  that  for  a 
cylinder,  must  assume  values  throughout  180  degrees  because  the  hemisphere 
is  only  symmetrical  about  one  orthogonal  axis. 
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HEMISPHERICAL  BODY 


Figure  37.  Geometry  of  Planetary  Thermal  Emission  to  Hemisphere 


The  radiant  heat  flux  incident  to  the  hemispherical  surface  of  radius  r 
from  the  element  of  planet  surface  ds  is 

ynx^(cos  A  +  1)  E  cos  a  ds 
dq  - - -  (85) 

where  1/2  7Tr^(cos  A  +  1)  is  the  projection  of  the  hemispherical  surface  as 
seen  from  ds,  and  cos  a/n  is  the  energy  radiated  in  the  direction  a.  The 
values  of  H,  cos  a,  ds,  and  p“  are  given  again  by  Equations  71  through  74. 

The  value  of  cos  A  is 

cos  A  =  cos  S  cos  Y  +  sin  S  sin  Y  cos  0  (86) 

where  cos  5  and  sin  S  are  as  defined  in  Equations  79  and  80. 
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After  substitutions  and  algebraic  manipulation,  the  total  incident  heat 
flux  from  the  planet  to  the  hemispherical  surface  can  be  written  as 

cos  0  -  R)  sin  (9 


^  (°  (He 

1  —T - 

•>0  •'o  (H  +  R 


^rr  0 

f  f  °  (H  cos  6  ■ 

i  l  *■ 


z  T/z 

ZRH  cos  0) 


-  R)  sin  ^  (A  +  B  cos  0) 


(H"  H  r"^  -  ZRH  cos  0)^^ 


d^d^i 


(87) 


wnere 


A  =  H  cos  y  -  R  cos  6  cos  Y 
B  =  R  sin  0  sin  Y 


The  first  term  of  the  integration  may  be  performed  analytically  to  give 
the  heat  flux  as 


q  =  Et  r 


rr  { 1  - 


y  ZRh  +  h^ \ 

TJ  } 


I 

*'o  *^0 


^  / 

(H  cos  ^  -  R)  sin  0 


(H^  +  R^  -  ZRH  cos  6)^ 


(A  +  B  cos96)d0d9f> 


(88) 


The  second  term  was  integrated  numerically.  The  results  are  plotted 
in  Figure  38,  where  the  geometric  factor  q/nr^  E^.  is  given  as  a  function  of 
altitude  h  above  the  earth's  surface  with  the  attitude  angle  y  as  a  parameter. 
These  curves  may  be  used  for  other  planets  as  explained  for  the  case  of  the 
sphere. 

Emission  to  Flat  Plate 


For  a  flat  plate,  an  integration  method  similar  to  that  explained  for 
spheres  may  be  used.  However,  a  similar  solution  can  be  found  by  resorting 
to  a  geometrical  method  of  obtaining  the  view  factor. 

It  can  be  proved  that  the  view  factor  of  a  surface  from  a  small  flat  plate 
can  be  geometrically  determined.  The  surface  is  projected  from  the  viewing 
point  onto  a  sphere  having  its  center  at  the  viewing  point.  The  image  on  the 
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Figure  38.  Geometric  Factor  for  Earth  Thermal  Emission  Incident  to  Hemisphere 
Versus  Altitude  as  Function  of  Attitude  Angle 


sphere  is  then  projected  onto  the  plane  of  the  small  flat  surface.  The  view 
factor  is  then  determined  from 

„  area  projected  on  plane 

I  = - - 2 -  (89) 

For  this  case,  the  surface  is  the  region  of  the  planet  which  the  flat 
plate  can  see,  and  the  radius  of  the  sphere  is  taken  as  the  distance  between 
the  plate  and  the  tangency  point  T,  as  shown  in  Figure  39.  The  general 
case,  in  which  the  plane  of  the  plate  intersects  the  planet,  will  be  analyzed 
first. 


The  area  of  the  circular  segment  Aj  is 


^2  ,2  . 

nd  <ti  ^  d  sin 


To  obtain  the  value  of 


360 


=  180  -  2 

/  .-lb 
^  -■  sin  — 
a 


b  = 


h  -1-  X 
tan  y 


h  +  X  =  p  sin  6 


=H 


h  +  X  = 


2 

E_ 

H 


b  = 


H  tan  y 


d  =  p  cos  =  p  — 


(o .  =  180  -  2  sin  ^  -—2 — - 

1  R  tan  y 


(90) 

(91) 

(92) 

(93) 

(94) 

(95) 

(96) 

(97) 

(98) 

(99) 
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and  since 


(o . 


= 


180  -  Z  sin 


n  Z 
-1  VH  -  R 

R  tan  Y 


(100) 


The  area  Aj  is  subtracted  from  rrd  to  give  A^*  The  area  of  the  circular 
segment  A3  is 


Z  Z  , 

ff  p  «i>  2  P 
__  _ 


(101) 


As  for  <ti  ,  it  can  be  found  that 
c» 


Oi  . 


180  -  Z  sin 


\  H  Bin  y  ) 


(lOZ) 


The  view  factor  is  obtained,  then,  by  projecting  the  areas  A^  and  Aj  on  the 
plane  of  the  flat  plate,  and  dividing  the  sum  of  their  projections  by  The 

resulting  expression  is 


F  = 


360 


180  -  Z  sin 


-iNh^  - 

\  H  sin  y  j 


in 


sin 


Z  sin 


■l/jtzjl' 

\  H  Sin  y 


R 


H 


1 

360 


ino  -  • 

VFT^T“. 


1  /R 


Zn 


sin 


Z  sin 


-1  ( y/n^  - 

\  R  tan  y 


cos  y 


(103) 


A  much  simpler  expression  is  obtained  when  the  plane  of  the  plate  does 
not  intersect  the  planet.  In  that  case  Aj  =  A^  =  0  and  A^  =  nd^.  Then 


F  = 


A^  cos  y 


np 


cos  y 


(104) 


H 


In  either  case,  the  total  heat  flux  from  the  planet  to  the  flat  plate  is 
given  by 


q  =  F  P 


(105) 
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where  P  is  the  area  of  the  plate.  Figure  40  is  a  plot  of  the  thermal  radiation 
to  a  flat  plate  as  a  function  of  altitude  with  the  attitude  angle  V  as  a  parameter 
Again,  to  apply  these  curves  to  planets  other  than  the  earth,  the  procedure 
given  for  the  sphere  may  be  used. 

PLANETARY  REFLECTED  SOLAR  RADIATION 

As  mentioned  earlier,  planetary  albedo  is  the  ratio  of  reflected  to  total 
incident  solar  radiation.  As  svich,  the  units  of  the  term  albedo  are  dimen¬ 
sionless;  however,  the  expression  has  been  used  more  and  more  frequently  in 
recent  years  to  mean  the  reflected  energy  itself.  Whatever  the  final,  precise 
definition  of  the  term,  it  clearly  differentiates  the  portion  of  the  incident 
solar  energy  which  is  reflected  by  the  planet  from  that  which  is  absorbed  and 
reradiated. 

The  average  albedo  for  planets  located  up  to  10  astronomical  units 
from  the  sun  is  known  with  reasonable  accuracy,  the  value  for  the  earth  being 
the  least  accurate.  At  distances  greater  than  about  10  astronomical  units 
from  the  sun,  the  accuracy  of  the  planetary  albedo  falls  off  significantly 
because  of  the  very  small  magnitude  of  the  reflected  energy. 

To  permit  a  parametric  analysis  of  the  solar  energy  reflected  from  a 
planet,  the  same  assumption  which  was  made  for  thermal  radiation  (i.  e.  ,  a 
uniform  planet  surface  \i/ith  regard  to  radiation  characteristics)  will  be  made. 
It  is  further  assumed  that  the  planet  surface  reflects  diffusely  (i.  e.  ,  it  obeys 
Lambert's  law).  While  these  assumptions  may  not  be  entirely  accurate, 
particularly  for  the  earth  where  large  bodies  of  water  exist,  they  can  be 
justified  by  consideration  of  vehicle  trajectories,  orbits,  euid  velocities  used 
in  the  analysis . 

Based  upon  these  assumptions,  it  is  clear  that  the  reflected  energy  has 
a  cosine  distribution,  not  only  with  respect  to  the  angular  radiation  from  a 
given  area  but  over  the  sunlit  surface  of  the  planet  as  well.  This  consider¬ 
ably  complicates  the  problem  over  the  case  of  thermaJ  radiation,  with  the 
result  that  a  direct  analytical  solution  is  not  available  even  for  the  case  of  a 
spherical  vehicle;  for  the  cases  of  vehicles  other  than  a  sphere,  the  number 
of  computations  is  greatly  increased  by  the  increased  number  of  variables. 

The  result  is  that  some  97  pages  of  curves  are  necessary  to  adequately 
describe  reflected  heating  to  the  sphere,  hemisphere,  cylinder,  and  flat 
plate  which  were  used  in  the  thermal  radiation  analyses.  As  a  consequence 
of  the  bulk  involved,  these  albedo  heating  data  are  included  as  Appendix  B  of 
this  report. 

As  in  the  case  of  the  thermal  radiation  analysis,  the  heating  data  is 
plotted  in  reference  to  the  earth.  Also,  the  data  may  be  used  for  vehicles  in 
the  proximity  of  other  planets  by  applying  the  same  radius  ratio  correction 
terms  to  obtain  an  eqviivalent  earth  altitude  and  then  using  the  appropriate 
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is  the  fraction  of  reiiected  solar  radiation  in  the  direction  determined  by  a. 
Ej.  is  the  total  reflected  energy  per  unit  of  planet  surface,  and  is  given  by 

E^  =  Sa  cos  (107) 

where  S  (the  direct  solar  heat  flux  normal  to  the  sun  direction),  a,  and  are 
as  shown  in  Figure  41.  Then 


2 

dq  =  — r- Sa  cos  a  cos  /S  ds  (108) 

The  values  of  cos  a  ,  ds  and  are  given  by  Equations  72  through  74.  The 
value  of  cos  ft  is 


cos/9  =  cos^cos^g  +  sin^sin^gcos^  (109) 

By  substituting  these  expressions  inEquation  108  and  integrating  for  6 
and0,  q  can  be  obtained.  Careful  consideration,  however,  has  to  be  given  to 
the  limits  of  integration.  Two  cases  should  be  considered,  as  illustrated  in 
Figure  42. 

The  first  occurs  when  the  region  of  the  planet  seen  from  the  satellite 
is  completely  sunlit.  This  condition  can  be  expressed  as 


wherein  the  limits  of  integration  for  d  are  0  and  Oq  and  for  0  are  0  and  n  (the 
integral  with  respect  to  0  is  multiplied  by  2). 

When  the  region  of  the  planet  seen  from  the  satellite  is  only  partially 

sunlit. 


wherein  a  variable  upper  limit  for  9S  has  to  be  introduced.  It  is  convenient  to 
perform  the  integration  for  two  regions,  as  shown  in  Figure  42.  Region  1  is 
totally  sunlit,  and  the  limits  are  0  to  nil  -  6^  for  $  and  0  to  for  0.  The 
limits  for  region  2  are  n  1 1  -  to  $q  for  6  and  0  to  ?r/2  +  sin"^  (ctg  <?g  ctg  0  ) 
for  0.  This  variable  limit  can  be  obtained  as  follows.  From  Figure  42  it  is 
evident  that 


(110) 
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Also 


X  =  R  cos  ^  ctg 


(111) 


and 


sin  X 


X 

R  sin  ^ 


ctg  ctg  d 


(m) 


Therefore 


0  =  j  +  sin  ^{ctg  6^  ctg  6) 


(113) 


Finally,  by  adding  the  integrals  over  regions  1  and  2  in  Figure  42,  the  total 
solar  radiation  reflected  by  the  planet  incident  upon  the  sphere  is 


^  a  It 
T  “  uc  ^  , 


2  2P  "/■<» 

;r  Sa  I  I  - 


cos  $  -R)(cos  0  cos  <95+  sin  <?  sin  6*g  cos0)8in0d0d0 


(R^  +  -  2RH  cos  0)^^^ 


J  +  sin"^ctg  0g  ctg  0) 

(H  cos  ^  -  R)(  cos  0  cos  0^  +  sin  ^  sin  cos  0) sin  0A0d<i> 

{R^  +  -  2RH  cos  0)^^^ 

(114) 

Equation  114  holds  for  ^5  <  ?7/2.  For  ^  nji,  the  first  term  disappears 
and  the  lower  lower  limit  on  0  of  the  second  term  becomes  0g  -  nIZ. 

Integration  with  respect  to  0  is  immediate,  but  not  so  with  respect  to  0 
which  requires  a  numerical  method.  Figure  43  shows  the  value  of  q/rrr^Sa, 
which  is  the  heat  flux  to  a  sphere  per  unit  of  great  circle  (projected)  area  per 
unit  of  reflected  solar  radiation,  as  a  function  of  altitude  above  the  earth 
surface,  with  dg  as  a  parameter. 

Reflected  Solar  to  Cylinder 

The  albedo  to  a  cylinder  is  computed  by  a  numerical  method  similar 
to  that  used  for  a  sphere;  however,  the  integrand  is  more  complex  because 
two  additional  parameters  defining  the  attitude  of  the  cylinder  must  be 
included.  The  general  configuration  is  shown  in  Figure  44. 
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CYLINDER 


Figure  44.  Geometry  of  Planetary  Reflected  Solar  Radiation 

to  Cylinder 


The  radiant  heat  flux  incident  to  the  cylinder  lateral  surface  of  diameter 
D  and  length  L  due  to  reflected  solar  energy  from  the  element  of  planet 
surface  ds  is 


DLEq  sin  A  ds 

dq  =  - - -  (115) 


where 


E 


a 


E^  cos  a 
n 
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is  the  fraction  of  reflected  solar  radiation  in  the  direction  determined  by  a. 
Ef  is  the  total  reflected  energy  per  unit  of  planet  surface,  and  is  given  by 
Equation  107. 

DL  sin  dk  is  the  projection  of  the  lateral  surface  of  the  cylinder  as  seen 
from  ds .  With  the  symbols  defined,  the  elemental  incident  flux  to  the 
cylinder  may  be  written  as 


dq 


DLSa  cos  /3  cos  a  sin  A  ds 


(116) 


The  terms  cos  a,  ds,  and  are  given  by  Equations  72  through  74,  and 
sin  A  is  given  by 


sin  A  = 


[■ 


cos  S  cos  y  +  sin  S  sin 


y  co8(0-<jS) 


1“ 


(117) 


where  cos  S  and  sin  S  are  as  defined  in  Equations  79  and  80. 


The  angle  is  one  of  the  attitude  parameters,  the  angle  of  rotation  of 
the  cylinder  axis  about  a  vertical  to  the  cylin  ler  .  is  0  when  the  axis  lies 
in  the  plane  containing  the  earth-cylinder  vector  and  the  earth-sun  vector. 
The  angle  y  is  the  other  attitude  parameter,  the  angle  between  the  vertical  to 
the  cylinder  and  the  axis  of  the  cylinder. 


The  value  of  cos  0  may  be  expressed  as  given  in  Equation  110,  where 
is  as  defined  for  albedo  to  a  sphere  and  may  be  referred  to  as  the  zenith 
distance  from  the  vehicle  to  the  sun,  and  6  and  0are  the  variables  of 
integration.  After  substitution  and  integration  with  respect  to  6  and  <p,  q  can 
be  obtained. 


Again  as  in  the  case  of  a  sphere,  two  cases  should  be  considered:  when 
the  entire  area  of  the  planet  seen  from  the  cylinder  is  sunlit,  and  when  the 
area  is  only  partially  sunlit,  that  is,  when  the  satellite  can  see  a  portion  of 
the  terminator,  in  which  case  a  variable  limit  for  0is  required  and  is  again 
given  by  Equation  114.  If  symmetry  about  the  plane  containing  the  earth - 
vehicle  vector  and  the  earth  sun  vector  is  recognized,  total  reflected  solar 
heat  flux  from  the  planet  incident  on  the  cylindrical  surface  can  be  written 
for  0g  <  njZ  as 
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where 

A  =  H  COB  6>  -  R 

B  =  cos  $  cos  $  -I-  sin  dL  sin  $  cos  9S 

s  s 

C  =  sin  a 

n, - - - - - - - - - - - - - 

D  =  »R  +H  -  2  RH  sin  ycosa-K  cos  V  -  R  ‘  ccs  Vcosa 

-  2  RHcos  Vain  ysin  acoB(  0  -  0^) 

>  2  2  2  T . 

+  2R  cos  Vsin  Vein  acos  acos(0- 0  )- R  sin  Vsin  acos  (0-0) 

c  c 

E  =  R^  +  -  2RH  cos  a 

When 


-  <  a  <  -  +  a 
2  *^3  ~  2  ''o 


the  integration  limits  change  and  integration  occurs  over  only  one  zone  with 
limits  given  as 
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2DLSaR 
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“  +  sin  ^(ctg  a^cig  $) 
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-  IT  E 

0  -  -r  O 
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(119) 


The  heat  flux  integrals  (Equations  118  and  119)  have  been  integrated 
numerically  on  an  IBM  704  computer.  The  results  are  tabulated  in 
A.ppendix  B  as  the  geometric  factor  (q/DLSa)  as  a  function  of  altitude  with 
zenith  distance  Bg,  angle  between  the  vertical  to  the  cylinder  and  the 
cylinder  axis  Y  and  angle  of  rotation  0^  of  the  axis  of  the  cylinder  about  the 
vertical  to  the  cylinder  referenced  to  the  plane  containing  the  vertical  and 
the  earth-sun  vector  (Figure  44).  The  values  considered  for  the  attitude 
parameters  were  Y  =  0,  30,  60,  and  90  degrees  and  simultaneously  0c  = 

0,  30,  60,  90,  120,  150,  and  180  degrees.  The  parameter  Y  need  only  be 
considered  to  90  degrees  as  the  cylinder  has  end-for-end  symmetry. 


HEMISPHERE 


Figure  45,  Geometry  of  Planetary  Reflected  Solar  Radiation  • 

to  Hemisphere 


Reflected  Solar  to  Hemisphere 

The  solution  for  albedo  to  a  hemisphere  is  very  similar  to  that  for  a 
cylinder,  the  two  major  differences  being  that  the  expression  for  the 
projected  area  of  the  hemisphere  with  respect  to  ds  is  somewhat  different 
and  that  values  of  y  from  0  to  180  degrees  must  be  considered  because  end 
for- end  symmetry  is  not  present.  The  general  configuration  for  albedo  to 
a  hemisphere  is  shown  in  Figure  45, 

The  radiant  heat  flux  incident  to  the  hemispherical  surface  of  radius 
r  due  to  reflected  solar  energy  from  the  planet  surface  ds  is 


(120) 


dq  = 


n 


(1  +  cos  A)  Ejj  ds 


where  1/2  rrr  (1  +  cos  A)  is  the  projected  area  of  the  hemispherical  surface 
as  seen  from  ds  and  the  remaining  symbols  are  as  defined  for  a  cylinder. 
Thus,  the  elemental  incident  heat  flux  to  a  hemisphere  may  be  written  as 


dq 


Sa  coBfi  cos  a(l  +  cos  A)  ds 


2 

irp 


The  term  cos  A  is  given  by 


(121) 


cos  A  =  cos  y  cos  S  +  sin  y  sin  S  cos{^  -  (122) 

with  the  terms  defined  as  for  the  cylinder  solution.  Again,  cos  /3  is  given 
by  Equation  109,  and  cos  a,  ds,  and  are  given  by  Equations  72  through  74. 


The  integration  techniques  and  limits  are  as  defined  for  albedo  to  a 
cylinder.  The  total  reflected  solar  heat  flux  from  the  planet  incident  on 
the  hemispherical  surface  can  be  written  for  6g<  2  as 


where 


2  2 
q  =  r  SaR 


£0  n 

^  ^  A»  B-  C  (VE  +  F) 


f:  i 

L  O  O 


d0d0 


0^  ^  +  sin"  ^  (ctg  gg  ctg  6) 


+  f  f  A*  B-  C  (a/E  + 


F) 


d0d0 


(123) 


A  =  H  cos  0  -  R 

B  =  cos  6-  cos  0  +  sin  0  sin  d  cos  d) 

D  D 

C  s  sin  0 

E  =  R^  +  -  2RH  cos  0 

F  =  H  cos  y  -  R  cos  y  cos  0  +  R  sin  y  sin  0  cos(  ^  -  ^^) 
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When 


n 

2 


« 


the  heat  flux  to  the  hemisphere  is 


q 


+  sin  ^  (ctg  0g  ctg0) 

^  e  d</> 


(124) 


The  heat  flux  integrals  (Equations  123  and  124)  have  been  integrated 
numerically  on  an  IBM  7090  computer.  The  results  are  displayed  as  the 
geometric  factor  q/irr^  Sa  as  a  function  of  altitude  with  the  three  angles 
^S»  y  t  parameters.  This  tabular  presentation  is  given  in 

Appendix  B.  The  values  considered  for  the  attitude  parameters  were  0,  30, 
60,  90,  120,  150,  and  180  degrees  for  y  and  simultaneously  0,  30,  60,  90, 
120,  150,  and  180  degrees  for 


Reflected  Solar  to  Flat  Plate 


The  most  general  configuration  used  in  considering  the  albedo  heat 
flux  incident  on  one  side  of  a  flat  plate  in  space  is  given  in  Figure  46. 
Development  of  the  integral  takes  the  same  form  as  that  for  a  cylinder  or 
a  hemisphere.  The  heat  flux  incident  to  a  flat  plate  of  area  P  from  the 
element  of  planet  surface  ds  is 


dq 


P  cos  ds 


(125) 


where  P  cos  A  is  the  projected  area  of  the  plate  as  seen  from  ds.  Since  the 
remaining  symbols  to  be  defined  are  identical  to  those  for  a  cylinder, 
Equation  125  may  be  written  as 


dq 


PSa  cos/3cob  g  cos  Ads 


trp 


2 


(126) 


2 

wherein  cos  y,  ds,  and  p  are  given  by  Equations  72  through  74,  and  cos  0 
is  given  by  Equation  109. 


The  term  cos  A  is  given  by  Equation  122,  with  the  terms  defined  as 
for  the  cylinder  solution.  The  to'tal  reflected  solar  heat  flux  from  the  planet 
incident  on  the  flat  plate  can  be  written  as  an  indefinite  integral. 
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Figure  46.  Geometry  of  Planetary  Reflected  Solar  Radiation 

to  Flat  Plate 


PSaR^  r  r  AvB- C  (G  +  F)  ,  ^  ^ 

q=-^ -  JJ  - -2 - ded<p  (12 

0  cf>  E 

where  A,  B,  C,  and  E  are  as  defined  for  a  cylinder*  and 

F  =  R  sin  y  sin  9  cob{  ^  -  <p^) 

G  =  cos  y  (H  -  R  cos  9) 

The  problem  of  limits  for  the  integration  of  Equation  127  is  severely 
complicated  in  that  the  plane  of  the  flat  plate  may  cut  off  portions  of  the 
sunlit  area  of  t.ie  planet. 
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The  limits  considered  are  discussed  with  respect  to  the  computer 
solution  of  Equation  127.  Two  major  conditions  are  considered:  (1)  if  the 
flat  plate  sees  the  sunlit  surface  of  the  planet  with  the  plane  in  which  it  lies 
not  cutting  any  portion  of  the  sunlet  area,  and  (2)  if  the  plane  of  the  flat 
plate  cuts  the  sunlit  area.  If  the  plane  does  not  cut  the  sunlit  area,  two 
conditions  may  be  involved.  Either  the  plane  sees  a  full  sunlit  zone  (i.  e.  , 
does  not  see  the  terminator),  in  which  case  Equation  127  becomes 


^o 


q  = 


2PSaR^  f  rA*B*C(G  +  F)  , 

—7^ -  J  J  - -  ded4> 


(128) 


or  the  plane  sees  part  of  the  terminator,  in  which  case,  when  $  <  n!  Z, 

Equation  128  becomes 


q  = 


2PSaR' 


2PSaR‘ 


--  d 
Z  S  n 


f  f  A.B.C  (G 

J  J 


L  o 


6L 


f 


+  F) 


d^d0 


/  /■ 


I  +  sin  \ctg  ctg0)  *1 


A-B»  C  (G  h  F) 


d0 


(129) 


when 


then 


q  = 


2PSaR 


f  ^  ^  "  <^o 


y^o  - 

i  / 

•'yi  ir 


■|+sin“^  (ctg  ^gCtg  e) 


A‘B-  C  (G  +  F) 


dO  d0 


'a  ^ 

»S-2 


(130) 


The  problem  becomes  more  complex  when  the  plane  cuts  the  sunlit 
area  because  the  limits  of  d  and  0  are  determined  by  more  complex 
equations.  If  the  plane  cuts  the  sunlit  area  but  the  plane  does  not  see  the 
terminator,  Equation  127  becomes  for  6^  <  2  and  V  <  ^/2, 
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PSaR 

n 


A 

J  j 


o  -n 


(131) 


PSaR 

n 


§+  •P^+  sin’* 


tan 


fcOB-V— ijM=)l  I  1 
L  Vr^  +  H^-  ZRHcoswJ  I 


tan  y 


A.B.  C  (G  +  F) 


d$d(f} 


■  I  2  “  *^0  ■*■ 


tan 


r-y  R  sing  \-[ 

L  VR^+H^- ZRHcos^/J 


tan  y 


where  6^  was  determined  by  the  Newton- Raphson  iteration  procedure  for 
determining  roots  from 

,/  Rsin0, 


n  .  - 1 
2  = 


tan 


cos 


L^+H^-  2RH 


1-  _  \1  « 

HcosdJ  _  I 


tan  y 


(132) 


For  ir/2<  y  <  n^/2  +  0q,  q  is  given  by  Equation  131  with  the  first 
integral  term  eliminated.  It  should  be  noted  that  for  Y  >  ff'/2  +  d^,  q  is 
equal  to  0,  (i.  e,  ,  the  plane  surface  does  not  see  the  earth). 

A  number  of  forms  of  Equation  127  are  possible  if  the  plane  of  the 
flat  plate  cuts  the  sunlit  area  and  also  sees  a  portion  of  the  terminator. 
For  the  case  where  the  plane  of  the  flat  plate  for  Y  <  nl  Z  intersects  the 
terminator  in  two  points,  (03f  ^3)  and  (5^4,  $^),  and  0^  and  @4  >  0^, 

<fy^  >  04»  and  04  <  Equation  127  becomes 
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-1 


n- +  sin  (ctg0gCtg0) 

+  sin  ^  (ctg 


(ctg  0  ctg0) 


] 


where  B  ^  and  B  3  were  determined  by  the  Newton- Raphson  method  from 
Equations  134  and  135,  respectively. 


sin  Nctg0_ctg0.)  =  0  +  sin  ^ 

5  4  c 


tan 


_  j  /  R  sin  B ^ 


^+H^-  2RHCOS  Q 


)] 


tan  y 


(134) 


-ain  ^  (ctg  ctg  8^)  a  sin  ^ 


1  tan 

-1 

cos 

,  R  sin  6^ 

^>4^  +  h2-  2RHco8  6^ 

i  tan  y 

)] 


(135) 


For  <f>4  >  fr,two  conditions  may  be  considered.  If  ff/2  -  ^5  <  0j, 
Equation  127  becomes 


q  = 


PSaR 

n 


rr 


V 


A-  B-  C  (G  +  F) 


dd  d0 


(136) 


PSaR 


-  +  sin  (ctg  0  ctg  0) 


A*  B-  C  (G  +  F) 


d0  d(f> 


+  8in“  ^  (ctg  dg  ctg  6) 


3 


Oa  T  +  ^  +  ^ 

4  ^  i  ^c 


tan 


[cos-  V-  ^  ^  \1 

L  VvR^  -h  -  2RH  cos  $  J\ 


tan  y 


AlB^.£(Gt^.).dgd0 

E"^ 

"  [f  ^  ctg  6)J 


I  +  sin"  ^  (ctg  0g  ctg  8) 


A  -  B  -  C  (G  +  F) 


de  d(t> 


• 

tan  cos 

1/  R  sin  $  \*| 

■f  -  6  +  sin  ^ 
2  ^c 

V>/r^+H^-  2RHco8  $/} 

tan  y 

« 
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,6  ^+8in  ^  (ctg^gCtg^) 


PsaP. 


ff 


A-  B*  C  (G  -5-  F) 


^  ded<f> 


3  -|^+Bin  (ctg0gCtg0)| 


^3  is  determined  by  Equation  135,  and  6^  is  determined  by 


ft  +sin“^  (ctg^gCtg^^^  =  0^  +  8in 


COS'Y  ==5 

W 


R  sin9 


■‘+H  -  2RHcos0^ 
tanY 


(137) 


If  ^  limits  change  somewhat. 

r 


PSaR 


// 


(138) 


I  tan  j^cos 


R  sin  Q 


^'VR^  +  H^-  ZRHcosg 
tany 


A*  B  •  C  (G  +  F) 


d0  d  0 


•f  -  Y*  +8in 
2  c 


- 1/  R  sin^  ' 

tan  cos  I  ,  ---  ■■■  ■  r  - 

1  _  Vr^  +  H^  -  ZRHcosg^ 
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PSaR 


^  I  - 1/  R  Bin0  \l 

tan  C08  T  - ) 

n£+  ^  - \ - Vr^^H  -2RH  co.»/J 

2  c  tan  y 

f-?  +  8in  ^  (ctgdgCtg^)j 


f-^-s 


PSaR 


"  +  Bin  (ctg0gCtg0) 


A-  B  -  C  (G  +  F) 


ddd<p 


^  r  “  1/  R  Bind 

tan  I  cos  1  . . — 

.  -  1  L  \\rR^  +  -  2RI 


-  -  0  +  sin 

Z  c 


+  Bin  ^  (ctg6g  ctg^) 


ZRHcos^; 


tan  y 


I 


A  -  B  -  C  (G  +  F) 


dd  d4> 


Hi 

+  sin  ^  (ctg0g  ctg^)J 


For  the  case  where  the  plane  of  the  flat  plate  intersects  the 
terminator  in  one  point,  (04,  d^)t  and  the  circle  defined  by  0  =  (9^  iri  one 
point,  (031  0q)»  and  <  n  t  Equation  127  becomes 


PSaR 


f'f 

B'O  W-Tt 


A-  B*  C  (G  +  F) 


d  d  d0 


tan  i  cos 


-  1/  R  sin  d 


h  /.f + 


A*  B  •  C  (G  +•  F) 


y— ^ 

VR^+H 


2RHco8(9/ 


tan  y 


d0d0 


^  -  0  +  sin 

c  c 


f.  f  -1/  R  8i 

jtsn  cos  l-=z== 

-IJ  !  Ul^  +  - 


2RH  COS0 


tan  y 


(139) 
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-1 


(r  - 1/  R  Bind  \ 

tan  I  cos  [  =-  - -IT-  j 

L  Vr^+H^  -  ZRHcosd/. 


tan  y 


where  ^4  is  again  determined  by  Equation  134. 


For  04  >  ff  ,  two  conditions  are  again  considered.  If  n j  Z  6  ^ 

Equation  127  becomes  the  same  as  Equation  136  except  that  the  last  term  is 
eliminated  and  the  upper  limit,  6  3,  for  the  fourth  term  is  replaced  by  0  q. 
If>r/2-(9g  >01,  Equation  127  becomes  the  same  as  Equation  138  except  that 
the  last  term  is  eliminated  and  the  upper  limit,  6  3,  for  the  fourth  term  is 
replaced  by  0q. 


For  the  case  where  the  plane  of  the  flat  plate  intersects  the  circle 
defined  by  0  =  0  ^  in  two  points,  (04,  0o)  and  (03,  do),  for  n/Z  -  0s  <  0i, 
Equation  127  becomes  the  same  as  Equation  136  with  the  last  term 
eliminated  and  the  upper  limits  of  the  third  and  fourth  terms  replaced  by  0^. 
For  *^/2  -  05  >01,  Equation  127  becomes  the  same  as  Equation  138  with 
the  last  term  eliminated  and  the  upper  limits  of  the  third  and  fourth  terms 
replaced  by  0q. 

For  y  >  ^  !  Z,  a  similar  step  procedure  in  the  integration  of  Equation 
127  must  be  used  which  follows  the  same  method  set  forth  for  X  <  ^  /  2. 

This  will  not  be  done  here,  however. 


Some  difficulty  is  encountered  in  determining  when  the  plane  of  the  flat 
plate  cuts  the  sunlit  region  in  the  vicinity  of  the  terminator.  To  determine 
whether  intersection  of  the  plane  and  terminator  occurs  for  a  given  0^,  and  h, 
the  y  2  for  the  plane  with  0^,  =  o  to  be  tangent  to  the  terminator  was 
calculated  as 


where 


’'z  = 


cos 


-h 


R  sin  0, 


\n/r2  +  H^  -  2RHCOS  0. 


(140) 


0. 


S 
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The  maximum  possible  V ^  without  intersection  with  the  sunlit  area 
was  then  calculated  as 


e 

o 


Corresponding  to  this  point  is  an  angle,  <?!>  co»  calculated  from 


(141) 


0^0  =  f  ■  ^  (ctgegCtgd^)  (142) 

For  a  given  4> the  limiting  for  intersection  of  the  plane  of  the  flat 

plate  with  the  terminator  was  calculated  from 


This  is  not  an  exact  determination  of  the  X  for  tangency  of  the  plane  of  the 
plate  with  the  terminator  circle;  however,  the  error  introduced  is  small. 

The  heat  flux  integrals  were  integrated  numerically  on  an  IBM  7090 

computer.  The  results  are  presented  in  Appendix  B  as  the  geometric 

factor  (q/PSa)  as  a  function  of  altitude  with  the  three  angles,  S  y  ,  and 

as  parameters.  Each  table  is  for  a  constant  X  and  <i>  . 

c 

The  albedo  data  for  a  flat  plate  is  also  useful  in  determining  albedo 
to  an  irregular  surface.  The  irregular  surface  may  be  approximated  by  a 
series  of  flat  plates  and  the  albedo  input  is  obtained  by  summing  the 
individual  values  for  each  of  the  flat  plates. 
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DISCUSSION  OF  ASSUMPTIONS 


SIMPLIFIED  SPACE  RADIATION  ANALYSIS 

1.  It  is  assumed  that  all  thermal  radiation  considered  in  the  analysis  is 
in  diffuse  form  except  direct  solar  radiation.  Fortunately,  most 
thermal  radiation  is  in  diffuse  form,  which  is  relatively  simple  to 
analyze  when  compared  with  specular  radiation. 

2.  It  is  assumed  that  direct  solar  radiation  impinges  upon  the  earth  and 
upon  the  satellite  with  parallel  rays,  due  to  the  great  distance  between 
the  sun  and  its  planets.  Almost  zero  error  is  introduced  into  the 
analysis  by  this  assumption. 

3.  In  all  cases,  it  is  assumed  that  the  earth  emits  as  a  black  body  and  is 
in  a  state  of  thermal  equilibrium  (i.  e.  ,  the  planetary  emitted  energy 
is  equal  to  the  absorbed  solar  energy).  It  is  also  assumed  that  the 
earth  emission  is  a  constant  at  any  point  on  its  surface  and  does  not 
vary  from  day  to  night.  These  are  reasonable  assumptions  because 
little  is  known  of  the  actual  spectral  and  local  variations  in  the 
planetary  emitted  radiation. 

4.  The  earth  reflected  solar  radiation  is  assumed  to  follow  the  cosine 
law  (i.  e.  ,  it  is  a  maximum  at  the  sub  solar  point  and  decreases  to 
zero  at  the  terminator).  This  assumption  greatly  simplifies  the 
analysis  and  is  quite  accurate  except  in  the  region  of  the  terminator, 
where  a  slight  error  is  introduced. 

5.  In  all  cases,  the  planetary  albedo  is  assumed  to  be  constant  over  the 
surface  of  the  planet,  and  the  planet  is  assumed  to  be  a  diffuse 
reflector.  This  is  done  because  of  the  complications  of  the  problem 
and  because  local  variations  are  almost  impossible  to  define. 

6.  In  all  cases,  conduction  and  convection  between  the  satellite  and  its 
surroundings  were  neglected.  This  is  reasonable  because  orbital 
heights  are  usually  too  far  above  the  atmosphere  for  thermal  effects 
to  appear. 

7.  It  is  assumed  that  the  absorptivity  to  direct  solar  radiation  of  the 
vehicle  surface  is  equal  to  the  absorptivity  to  the  earth  reflected 
solar  radiation.  This  is  correct  if  the  spectral  quality  of  the 
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reflected  solar  energy  is  the  same  as  for  the  direct  solar  energy.  It  is 
felt  that  only  a  very  small  error  is  introduced  by  this  assumption. 

8.  Mo  transient  heat  transfer  effects  are  considered  in  this  analysis. 
Steady- state  conditions  are  assumed  for  purposes  of  simplification. 

9.  An  earth-oriented  vertical  cylinder  is  the  assumed  configuration  in  all 
cases  for  purposes  of  simplification.  The  ends  of  the  cylinder  are 
ignored  in  the  analysis.  The  cylinder  wall  is  assumed  to  be  at  a 
uniform  temperature,  which  is  correct  for  a  vertical  cylinder  spinning 
on  its  axis  or  for  a  cylinder  with  a  shell  of  very  high  thermal 
conductivity. 

10.  In  the  discussion  on  simplified  geometry  analysis  the  earth  is  assumed 
to  be  a  flat  plate.  This,  in  effect,  results  in  the  satellite-to- space 
configuration  factor  and  the  satellite-to- earth  configuration  factor 
both  being  equal  to  0.  5. 

11.  In  the  refined  geometry  analysis  discussion,  the  earth  is  assumed  to  be 
a  sphere.  As  a  result,  this  analysis  is  considerably  more  accurate 
than  the  simplified  geometry  analysis. 

IBM  7090  PROGRAM  FOR  TRANSIENT  HEAT  TRANSFER  ANALYSIS  OF 

ORBITING  SPACE  VEHICLES 

1.  It  is  assumed  in  this  analysis  that  the  earth  can  be  represented 
gravitationally  by  the  zero-order  and  second-order  spherical 
harmonics  of  its  potential.  The  presence  of  harmonics  in  the  earth's 
gravitational  potential  causes  periodic  and  secular  variations  in 
several  of  the  orbital  elements.  Only  the  secular  perturbations  which 
result  in  regression  of  the  nodes  and  advance  of  the  perigee  position 
are  considered  in  the  analysis.  Other  periodic  changes  have  negligible 
effect  upon  the  shadow  intersection  problem. 

2.  A  rigorous  specification  of  the  position  at  which  the  satellite  enters 
and  exits  the  earth's  true  shadow  leads  to  needlessly  complicated 
expressions.  For  this  reason,  the  following  simplifications  concerning 
shadow  geometry  were  assumed: 

a.  The  earth  was  assumed  spherical  with  its  radius  equal  to  3960 
statute  miles. 

b.  The  earth's  shadow  was  assumed  cylindrical  and  umbral  (sun  at 
infinity). 

c.  Penumbral  effects  were  ignored. 
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The  error  involved  is  extremely  small  even  when  large  orbits  are 
considered.  For  instance,  a  satellite  in  a  circular  orbit  with  an 
altitude  of  10,  000  miles  has  an  orbit  period  of  approximately  560 
minutes,  with  perhaps  50  minutes  spent  in  earth  shadow  (depending  on 
orbit  orientation).  By  assuming  a  cylindrical  earth  shadow  and 
ignoring  penumbral  effects,  the  analysis  uses  an  umbral  shadow  time 
that  is  about  50  seconds  longer  than  the  true  umbral  shadow  time.  This 
is  a  negligible  error.  For  a  1000-mile-altitude  circular  orbit,  the 
negligible  error  is  approximately  18  seconds  in  an  orbit  period  of  118 
minutes.  Additionally,  it  should  be  mentioned  that  the  assumption  of 
no  penumbral  effects  tends  to  lessen  these  errors  introduced  by  the 
assumption  of  cylindrical  umbral  shadow,  so  that  there  is  almost  zero 
error  from  a  thermal  analysis  standpoint. 

It  is  assumed  that  all  thermal  radiation  considered  in  the  analysis, 
except  direct  solar  radiation,  is  in  diffuse  form.  Fortunately,  most 
thermal  radiation  is  in  diffuse  form,  which  is  relatively  simple  to 
analyze  when  compared  with  specular  radiation. 

It  is  assumed  that  direct  solar  radiation  impinges  upon  the  earth  and 
upon  the  satellite  with  parallel  rays,  due  to  the  great  distance  between 
the  sun  and  its  planets.  Almost  zero  error  is  introduced  into  the 
analysis  by  this  assumption. 

In  all  cases,  it  is  assumed  that  the  earth  emits  as  a  black  body  and  is 
in  a  state  of  thermal  equilibrium  (i.  e.  ,  the  planetary- emitted  energy 
is  equal  to  the  absorbed  solar  energy).  It  is  also  assumed  that  the 
earth  emission  is  a  constant  at  any  point  on  its  surface  and  does  not 
vary  from  day  to  night.  These  are  reasonable  assumptions  because 
little  is  known  of  the  actual  spectral  and  local  variations  in  the 
planetary  emitted  radiation. 

The  earth  reflected  solar  radiation  is  assumed  to  follow  the  cosine 
law  (i.  e.  ,  it  is  a  maximum  at  the  subsolar  point  and  decreases  to  zero 
at  the  terminator).  This  assumption  greatly  simplifies  the  analysis 
and  is  quite  accurate  except  in  the  region  of  the  terminator,  where  a 
slight  error  is  introduced. 

In  all  cases,  the  planetary  albedo  is  assumed  to  be  constant  over  the 
surface  of  the  planet,  and  the  planet  is  assumed  to  be  a  diffuse 
reflector.  This  is  done  because  of  the  complications  of  the  problem 
and  because  local  variations  are  almost  impossible  to  define. 

In  all  cases,  conduction  and  convection  between  the  satellite  and  its 
surroundings  are  neglected.  This  is  reasonable  because  orbital  heights 
are  usually  too  far  above  the  atmosphere  for  thermal  effects  to  appear. 
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9.  It  is  assumed  that  the  absorptivity  of  the  vehicle  surface  to  planetary 
thermal  emission  is  equal  to  the  emissivity  of  the  vehicle  surface. 

Since  the  effective  temperature  of  the  earth  and  the  temperatures  of 
most  vehicle  surfaces  are  nearly  the  same,  this  assumption  is 
validated  by  Kirchhoff  s  law. 

10.  Any  scattering  effects  of  direct  solar  radiation  upon  the  satellite  due  to 
the  earth's  atmosphere  are  ignored.  It  is  felt  that  this  will  introduce  a 
negligible  error  into  the  analysis. 

11.  The  geometrical  configuration  factor  from  the  spherical  satellite  to 
earth  was  calculated  with  the  assumption  that  the  satellite  is  a  point 
source  in  space.  The  assumption  is  valid  if  the  satellite  is  uniform 
in  temperature;  it  would  be  if  spinning  or  if  its  shell  had  a  very 
high  thermal  conductivity. 

12.  It  is  assumed  that  any  internally  generated  heat  load  is  uniformly 
distributed  over  the  particular  vehicle  surface  specified.  Internal 
heat  transfer  paths  are  neglected.  This  was  done  in  order  to  simplify 
the  analysis. 

SPACE  THERMAL  ENVIRONMENT  STUDY 

1.  It  is  assumed  that  all  thermal  radiation  considered  in  the  analysis, 
except  direct  solar  radiation,  is  in  diffuse  form.  Fortunately,  most 
thermal  radiation  is  in  diffuse  form,  which  is  relatively  simple  to 
analyze  when  compared  with  specular  radiation. 

2.  It  is  assumed  that  direct  solar  radiation  impinges  upon  the  earth  and 
upon  the  satellite  with  parallel  rays,  due  to  the  great  distance  between 
the  sun  and  its  planets.  Almost  zero  error  is  introduced  into  the 
analysis  by  this  assumption. 

3.  In  all  cases,  it  is  assumed  that  the  earth  emits  as  a  black  body  and  is 
in  a  state  of  thermal  equilibrium  (i.  e.  ,  the  planetary  emitted  energy 
is  equal  to  the  absorbed  solar  energy).  It  is  also  assumed  that  the 
earth  emission  is  a  constant  at  any  point  on  its  surface  and  does  not 
vary  from  day  to  night.  These  are  reasonable  assumptions  because 
little  is  known  of  the  actual  spectral  and  local  variations  in  the 
planetary  emitted  radiation. 

4.  In  all  cases,  the  planetary  albedo  is  assumed  to  be  constant  over  the 
surface  of  the  planet,  and  the  planet  is  assumed  to  be  a  diffuse 
reflector.  This  is  done  because  of  the  complications  of  the  problem 
and  because  local  variations  are  almost  impossible  to  define. 
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In  all  cases,  conduction  and  convection  between  the  satellite  and  its 
surroundings  were  neglected.  This  is  reasonable  because  orbital 
heights  are  usually  too  far  above  the  atmosphere  for  thermal  effects 
to  appear. 


Section  VI 

TECHNIQUES  FOR  RADIATION  HEAT  TRANSFER  PROBLEM  SOLUTION 

GENERAL  ANALOG  HEAT  TRANSFER  ANALYSIS  METHODS 


NOMENCLATURE 


A 

Ce 

Ct 


Cp 

F 

f 

hj. 

I 

k 

L 


At 

At 

o 

V 

9 


a 

0) 


Area,  sq  ft 

Electrical  capacitance 

Thermal  conductance,  Btu/(hr){*F) 

Specific  heat,  Btu/(lb){“F) 

Configuration  factor 
Interchange  factor 

Convection  heat  transfer  coefficient,  Btu/(hr)(8q  ft)(  F) 
Radiation  heat  transfer  coefficient,  Btu/(hr)(8q  ft)(  F) 

Current  flow,  amp 

Thermal  conductivity,  Btu/{hr)(8q  ft){®F/ft) 

length,  ft 

Heat  flow,  Btu/hr 

Electrical  resietance,  ohms 

Thermal  resiatance,  hr(®F)/Btu 

Temperature,  ®F 

Temperature  difference  at  time  9 

Temperature  difference  at  time  0 

Voltage  potential 

Voltage  potential  at  time  0 

Time,  hr  ^ 

Stefan- Boltzmann  conatant  =  0.  1713  x  10  ®  Btu/(hr)(8q  ft)(*R  ) 

Mas 8,  lb 
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ELECTRIC  CIRCUIT  ANALOGY 

The  basic  equations  governing  the  flow  of  electricity  are  similar  to 
those  governing  heat  flow;  therefore,  a  close  analogy  exists  between  the 
concepts  of  an  electrical  circuit  and  a  "thermal  circuit,  "  In  complicated 
beat  transfer  problems  it  is  often  necessary  to  rely  upon  this  analogy  to 
arrive  at  the  solution. 

In  the  thermal  circuit,  temperature  difference  is  considered  analogous 


to  voltage  potential  and  heat  flow  is  considered  analogous  to  current  flow. 
Thus,  the  analogous  equations 

1— 1 

II 

(amp) 

(144) 

At 
“  R 

T 

(Btu/hr) 

(145) 

Thermal  resistance  R-p  is  evaluated  with  respect  to  the  mode 
transfer 

of  heat 

R_  = 

T  kA 

for  conduction 

(146) 

R-t,  =  ^ 

T  h  A 

c 

for  convection 

(147) 

R^  =  ^ 

T  h  A 

r 

for  radiation 

(148) 

where 

h  =<7f(T,^+T 
r  1 

/)(Tj+T^) 

It  is  often  convenient  to  use  the  concept  of  thermal  conductance  instead 
of  thermal  resistance.  Conductance  is  merely  the  reciprocal  of  resistance. 
Thus 

c  - 
^T  -  L 

for  conduction 

(149) 

Ct  =  h^A 

for  convection 

(150) 

Ct  =  h^A 

for  radiation 

(151) 

STEADY -STATE  AND  TRANSIENT  PROBLEM  SOLUTION 


An  example  of  a  simple  steady-state  heat  transfer  problem  utilizing 
the  network  method  of  solution  is  an  insulated  round  wire  carrying  an 
electrical  current.  The  heat  generated  inside  the  wire  is  i^R  watts, 
which  must  be  dissipated  by  conduction  through  the  insulation  and  by 


nil  jjrtf  tifilriifa 


convection  and  radiation  to  the  environment.  The  temperature  of  the  wire 
tw  and  the  ambient  temperature  ta  are  known.  The  problem  is  to  determine 
the  amount  of  heat  dissipated  and  the  temperature  of  the  surface  of  the 
insulation  ts  (Figure  47).  It  is  convenient  to  combine  and  into  a 
single  resistance  as  shown  in  Figure  48. 


Rr 


Figure  47.  Thermal  Network  for  Insulated  Wire 
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Figure  48.  Simplified  Thermal  Network  for  Insulated  Wire 
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The  total  heat  loss  is  given  by 

q  = 


t  -  t 
w  a 


(152) 


and  the  surface  temperature  of  the  insulation  is  given  by 


t 

s 


C,t  +  C,t 
1  w  2  a 

Cj  + 


(153) 


It  will  be  noted  that  the  discussion  has  been  limited  to  steady-state 
conditions.  However,  it  is  often  required  to  analyze  heat  transfer  problems 
on  a  transient  basis  (i.e.  ,  temperature  versus  time).  In  this  case,  the 
effect  of  heat  capacity  must  be  included.  The  analogous  equations  for 
transient  conditions  are 


V  =  V 

o 

(154) 

.  .  -0/R_fc>c  ) 

At  =  At  e  T'^  p' 

o 

(155) 

where 

At^  =  Temperature  difference  at  time  0  =  t^  -  t^ 


At  =  Temperature  difference  at  time  9  =  tg^  -  t^ 


It  is  evident  that  the  term  e>c  is  the  thermal  capacitance.  The  thermal 
circuit  for  a  single  node,  single  resistor  transient  problem  (represented  in 
Equation  155)  is  shown  in  Figure  49. 
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Figure  49.  Thermal  Network  for  Single  Node,  Single  Resistor 

Transient  Problem 
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Multiple  node  transient  heat  transfer  problems  are  handled  by 
connecting  a  thermal  capacitance  between  each  node  (temperature)  and 
ground.  This  type  of  circuit  Is  difficult  to  solve  by  hand,  and  usually 
requires  the  use  of  an  analog  or  digital  computer.  The  network  for  the 
temperature  distribution  versus  time  In  a  si.  h  might  appear  as  shown  In 
Figure  50. 
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Figure  50.  Thermal  Network  for  Temperature  Distribution 

Versus  Time  in  Slab 
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RADIATION  HEAT  TRANSFER  ANALYSIS  METHODS 


NOMENCLATURE 
A  Area,  sq  ft 

E  Black  body  emissivity  power,  Btu/(hr)(sq  ft) 

F  Configuration  factor 

£  Interchange  factor 

G  Sum  of  all  incident  radiation,  Btu/(hr)(8q  ft) 

h  Radiation  heat  transfer  coefficient,  Btu/ (hr){sq  ft)(“  F) 

J  ’  Radiosity  of  surface,  Btu/ {hr)(Bq  ft) 

q  Heat  flow,  Btu/ hr 

r  Reflectivity 

e  Emissivity 

RADIOSITY  A*>ALOG  METHOD 

Problems  concerning  radiation  heat  transfer  involve  proper  accounting 
of  all  inter  reflections  between  the  various  objects,  shields,  and  surfaces 
being  investigated.  This  can  be  achieved  very  satisfactorily  by  utilizing 
the  radiosity  analog  network  method  as  developed  by  A.  K.  Oppenheim  of 
the  University  of  California  (Reference  16),  The  significance  of  this 
technique  becomes  apparent  when  inter  reflections  with  multiple  surfaces 
are  considered.  Other  methods  of  analysis,  at  best,  can  only  approximate 
interreflections  for  most  cases.  The  radiosity  method  presents  an  analyti¬ 
cally  exact  solution,  without  need  for  such  items  as  "modified"  configuration 
factors. 

The  radiosity  method  is  normally  restricted  to  problems  concerning 
gray  bodies;  however,  problems  concerning  real  bodies  can  be  analyzed  if 
the  additional  effort  is  warranted.  It  should  be  noted,  however,  that  the 
analysis  is  limited  to  diffuse  emission  and  reflection,  but  radiation  from 
most  surfaces  is  fortunately  in  diffuse  form. 
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In  describing  this  technique,  it  is  important  to  define  the  radiosity  of 
a  surface  J.  Radiosity  is  the  sum  of  all  the  emitted,  reflected,  and 
transmitted  radiant  energy  streaming  away  from  a  surface.  For  a  gray 
opaque  surface,  radiosity  is  the  aum  of  the  emitted  and  reflected  radiation 
and  is  given  by 


J  =  rG  +  fE 


(156) 


where 


E  =  ax'* 
Therefore 


G  = 


(157) 


Also 


=  AW  -  G) 

Substituting 


(158) 


r  r 


^  f  (E  -  J) 
r 

=  (i^) 

Therefore 

%iet  =(-^_^)(E-J)  (159) 

Thus,  the  net  radiation  leaving  or  entering  a  surface  is  analogous  to  the 
current  flow  when  a  potential  of  E  -  J  is  applied  across  a  conductance  of 
fA/(l  -  f  ). 
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Furthermore,  the  direct  radiation  exchange  between  any  two  surfaces 
Ai  and  Az  can  be  expressed  as 


112  =  <^^>12  '^1  -  <^"^>21  ^2  =  <^^>12  <^1  -  ■'2> 


(160) 


It  follows,  then,  that  the  net  radiation  exchange  between  a  surface  and  its 
surroundings,  consisting  of  n  surfaces,  is  the  total  energy  impinging  on  Ai 
minus  the  total  energy  leaving  Ai,  or 


n 


*^(net) 


=  2  (FA) 


ik  <^k  ■ 


(161) 


k>l 


Equations  159  and  l6l  form  the  basis  for  a  network  completely 
describing  radiation  exchange  between  any  number  of  surfaces.  Figure  51 
is  an  example  for  a  four- sided  enclosure. 

It  is  often  convenient,  especially  with  transient  radiation  problems  and 
combination  radiation- convection- conduction  problems,  to  use  a  conventional 
analog  network,  thus  eliminating  the  floating  potential  nodes  J.  With  this 
approach  it  is  still  possible  to  account  for  all  the  interreflections  by  using 
an  equivalent  conductance  (fA)  which  is  readily  obtained  from  the  radiosity 
network  (Reference  16). 

Briefly,  it  can  be  stated  that  the  equivalent  conductance  f^^Aq  between 
any  two  potential  nodes  1  and  i  is  equal  to  the  current  flowing  into  node  i 
when  it  is  grounded  and  short-circuited  with  all  the  remaining  potential 
nodes,  with  the  exception  of  node  1  on  which  a  potential  of  unity  is 
imposed.  As  an  example,  suppose  it  is  desired  to  represent  the  four- sided 
enclosu.re  of  Figure  51  with  a  conventional  network.  Note  that 


hrj2Aj=<,(fA)j2(Tj 


+  T. 


')(T^  +  T^) 


(162) 


To  determine  (fA)i2»  instance,  it  would  be  necessary  to  use  the 
radiosity  network  of  Figure  51,  setting  Ei  equal  to  1.  0  and  E2>  E3,  and  E4 
equal  to  0.  Solving  for  q  would  then  give  the  desired  answer  as 

1 2 


1(2  =  <^^>12  =  h 


'^Z  ‘z 

1  -  f. 


(163) 
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In  a  like  manner,  the  equivalent  conductances  (fA)i3,  (1A)]4,  (£A)24i 
(fA)23i  and  (fA)34  can  be  obtained  and  then  used  in  the  network  of  Figure 
52  for  the  general  solution  to  the  problem. 

COMMONLY  USED  METHODS 

One  of  the  earliest  relationships  for  the  net  heat  transfer  between  two 
bodies  is  the  simplified  equation  from  Hottel  (Reference  17). 


where 


=  Configuration  factor 

F  =  Factor  which  includes  emissivities  allowing  for  departure  of 

source  and  receiver  from  complete  blackness  and  which  depends 
upon  fj,  f  and  configuration  of  surfaces. 

A  second  method  developed  by  Hottel  (Reference  18)  to  evaluate  the  net 
exchange  between  two  surfaces  is  expressed  by 

“12  =  "'.ZV  V  -  ’■z"’  =  > 


where 


and 

F^2  “  Configuration  factor  from  surface  1  to  surface  2 

Equations  l64  and  165  are  limited  in  application  with  respect  to  multiple 
inter  reflecting  surfaces.  An  attempt  has  been  made  to  account  for  reflecting 
(refractory)  surfaces  by  replacmg  the  geometric  configuration  factor  F  with 
a  modified  configuration  factor  F,  which  includes  both  direct  and  reflected 
radiation  effects.  Values  of  F  are  usually  obtained  from  charts  or  graphs 
and  are  rather  lir.uited  in  application  because  these  graphs  are  available  for 
certain  specific  configurations  only. 
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COMPARISON  OF  ANALYTICAL  METHODS 


At  the  present  time,  a  variety  of  techniques  is  used  to  analyze 
radiation  heat  transfer  problems.  The  radiosity  analog  network  method  is 
an  extremely  useful  technique  for  obtaining  an  exact  solution  for  any  type  of 
gray  body,  multiple- surface  configuration.  The  ray  tracing  method,  to  be 
discussed  in  the  following  section,  also  gives  quite  accurate  results. 
Extreme  care  must  be  exercised,  however,  in  choosing  the  proper  technique 
for  a  particular  problem.  Large  errors  can  occur  if  the  proper  technique 
is  not  used,  pai'ticularly  in  problems  where  there  are  multiple  reflecting 
surfaces. 

The  illustrative  examples  given  here  show  the  variation  in  results 
obtained  by  the  different  techniques. 

Problem  1 


Two  parallel  and  equal  disks  of  diameter  d  are  separated  by  distance  /. 
(See  Figure  53.  )  There  are  no  refractory  walls.  Calculate  the  net  radiant 
interchange  between  the  disks. 


Given 


d  =  1.  0  ft 
/  =  0.  5  ft 
=  0.  7 
■2=0-3 
tj  =  500  F 
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100  F 


^12  ~  ^21  ‘  17) 


Solution  lA 


From  Reference  17  (Equation  164), 


q 


12 


OF  F  A,(T, 
e  a  1  1 


4 


) 


where 


F  =  (  f  =  0.  21  (p  56,  case  10,  Reference  17) 

6  X  /L 

F  =  0.  37 
a 

Aj  =  r^  =  n{0.  5)^  =  0.  786  sq  ft 
=  500  +  460  -  960  “  R 
=  100  +  460  =  560  ‘R 

a  =0.1713x10"®  Btu/(  hr)(  sq  ft)(“R^) 

Therefore 

q^2  =  0*  1713  (0.  21)(0.  37)(0.  786)(9.  6^^  -  5.6'^) 

=  0.  1713  (0.  21)(0.  37){0.  786)(8500  -  983) 

=  0.  1713  (0.  21)(0.  37)(0.  786)(7517)  =  78.  6  Btu/hr 

Solution  IB 


From  Reference  18  (Equation  165), 


*112  ~  ‘^^12'^1^^1 


-  T,  ) 


where 
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E2  =  OTZ^ 


El  = 


Figure  54.  Radiosity  Network  for  Problem  1 
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As  shown  in  Figure  54, 


E 

E 

C 


^  =  oTj‘*  =  0.1713(9.6*^)  =  1456 
2  =  oT^**  =  0.1713(5.6**)  =  168.4 

1  'l^l  0.  7  (0.786)  , 

1  =  -^  =  —  — r^o:7-  =  ‘-« 


=  =  0.  37  (0.  786)  =  0,  2908 

.0.3372 

1-^2  1  -  0.  3 

”  ^13^1  " 

=  F23A2  «  0.  63  (0.  786)  =  0.  495 


Since  there  are  no  refractory  walls,  the  irradiation  from  the  surroundings 
is  zero  and  J3  =  0  To  calculate  <lj2>  it  is  necefssary  to  determine  the 
equivalent  conductance  (fA)^^*  Let  E^  =  1.  0,  E^  =  0,  =  0  (Figure  55). 


Figure  55.  Radiosity  Network  for  Determining 
Equivalent  Conductance 


-135- 


1 

Solving  foi'Jj 


and  J^ 

Cj(E, 

C^(E2 


-  j\)  +  C^  {J3  -  j\)+  C^  (j'  -  j[)  s  0 

-  J^)  +  Cg  {J3  -  Jj)  +  C^  {j[  -  J^)  =  0 


1.  833  (1  -  j')  +  0.  495  (0  -  j')  +  0,  2908  (J  '  -  J,')  =  0 

0.  3372  (0  -  J^)  +  0.  495  (0  -  J^)  +  0.  2908  (J^  -  J^)  =0 

1.  833  +  0.  2908  -  2.  6188  jj  =  0 

0.  2908  J  J  -  1.  1230  0 

J  '  =  3.  86 
I  <L 

=  0.  1868 


Therefore 


(fA)  =;  C,  (J,  -  0)  =  0.  3372  (0.  1868)  =  0.  063 


and 


^12  "  ‘'^^■^^2  ^^1  "  ^2  ^ 

=  0.  1713  (0.  063)  (9.  6^  -  5.  6^)  =  81.  2  Btu/hr 
Discussion  of  Problem  1 

If  Problem  1  were  recalculated  for  the  case  where  was  0.  9  instead 
of  0.  37,  the  following  comparison  could  be  made: 


Method 

Fi2  =  0.  37 

Fi2  =  0.  9 

Equation  164 

78.  6  Btu/hr 

191  Btu/hr 

Equation  165 

185.  1  Btu/hr 

262  Btu/hr 

Radiosity  network 

81.  2  Btu/hr 

231  Btu/hr 

As  Oppenheim  has  pointed  out  in  his  paper  (Reference  16),  the 
radio sity  network  gives  the  exact  solution  to  radiant  interchange  problems, 
with  the  basic  stipulation  that  the  radiant  energy  be  in  diffuse  form.  Thus  it 
can  be  stated  that  the  answers  obtained  by  use  of  the  radiosity  network  for 
both  cases  of  problem  1  are  the  correct  results.  These  are  presented  in  the 
table  above  as  81.  2  and  231  Btu/hour,  respectively.  Equation  164  is  correct 
for  the  first  case  but  is  about  20  percent  in  error  in  the  second  case. 

Equation  165  is  over  100  percent  in  error  in  the  first  case  and  about  15 
percent  in  error  in  the  second. 
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Problem  2 


Given 


To  show  the  effect  of  reflecting  surfaces,  let  the  configuration  of 
Problem  2  be  enclosed  with  a  single  reflecting  (refractory)  surface.  It  is 
assumed  that  the  reflecting  wall  reflects  all  the  incident  radiation. 

Solution  2A 

From  Reference  17  (Equation  164), 

-U2  = 


where 

F  =  ^1  ~  0.21  (p  56,  case  10,  Reference  17) 

^  1  fa 

F  =  F  =  0.64  (Figure  4-7,  p  57,  Reference  17) 

cl  CL 

Therefore 

qj2  =  0.  1713  (0.21)  (0.64)  (0.786)  (9.6'^  -  5.6^) 

=  0.  1713  (0.  21)  (0.64)  (0.786)  (7517)  =  136  Btu/hr 

Solution  2B 


From  Reference  10  (Equation  165), 


■*12  =  ■  "2'> 


where 


1 


12  1 


12 


<•  =  0.7 


'2  = 


P‘,2  =  0.64 
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^iv^vmKv  uni’ 


7*r 


Therefore 


1 


0.64 


■  --I 


0.7 


_ 1 _ 

1.563  +  1.429  -  1  +  3.333  -1 


0.231 


and 


q  =  0.  1713  (0.231)  (0.786)  (7517)  =  234  Btu/hr 
i  c> 


Solution  2C  (Radlosity  Network) 

As  shown  in  Figure  56, 

El  =  =  1456 

=  168.4 

and 

=  1.833 

C  =  0.  2908 

£» 

Cj  =  0.  3372 

C.  =  0.495 
4 

=  0.495 

D 


Since  there  is  no  curreWt  in  R^,  the  radiosity  of  the  reflecting  surface 
Jj^  must  equal  Ej^.  This  shows  that  the  reflectivity  of  a  perfectly  insulated 
reflecting  surface  is  completely  ineffective  because  the  addition  of  a  surface 
resistor  such  as  R,  has  no  effect  on  the  network. 
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R 


3  0.3372 


=  2.97 


,  =  R,  +  R,  ^  C  +  Ro  =  0.546  +  1,858  +  2.97  =  5.374 
total  1  2, 4,  5  3 


Therefore 


42  R 


total 


(E,  -  E^) 


1 


5.  374 


(1456  ~  168.4) 


1287. 6 
5.374 


=  240  Btu/hr 


Discussion  of  Problem  2 


Problem  2  is  summarized  as  follows: 


Equation  164 

136  Btu/hr 

Equation  165 

234  Btu/hr 

Radiosity  network 

240  Btu/hr 

In  the  case  where  interreflecting  surfaces  are  present,  it  can  be  seen 
that  Equation  164  is  in  considerable  error  even  with  the  use  of  a  modified 
Fa-  In  this  case,  however,  Equation  165  is  close  to  the  correct  answer  of 
240  Btu/hour. 

In  reviewing  the  results  of  Problems  1  and  2,  it  is  concluded  that 
Equations  164  and  165  are  correct  only  if  they  are  chosen  with  care  to  suit 
the  problem  at  hand.  The  radiosity  network  method  of  analysis,  however, 
is  always  correct  for  cases  involving  diffuse  radiation. 
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RAY  TRACING  ANALYSIS  METHOD 


Very  accurate  results  may  be  obtained  from  the  ray  tracing  method  of 
heat  transfer  analysis.  Unfortunately,  however,  the  method  is  difficult  to 
use  without  a  high-speed  digital  computer  because  of  the  lengthy  and  tedious 
calculations  involved.  A  method  has  been  developed  whereby  this  technique 
can  be  programed  for  an  IBM  704  or  709  computer  (Reference  19),  although 
the  programing  has  not  yet  been  none.  The  material  for  this  discussion  was 
supplied  by  the  Los  Angeles  division  of  North  Amei  ican  Aviation. 

NOMENCLATURE 

a  Area  of  surface 

e  Monochromatic  emissivity  power  of  black  surface  at  particular 

surface  temperature  and  wavelength 

f  Configuration  form  factor 

q  Heat  flow 

u  Energy  emitted  by  surface 

V  Energy  received  by  surface 

W  Energy  absorbed  by  surface 

(  Emissivity 

\  Wavelength 

p  Reflectance 

RADIANT  INTERCHANGE  ANALYSIS 

This  discussion  is  concerned  with  an  enclosure  made  up  of  a  finite 
number  of  finite  surfaces.  The  enclosure  contains  a  nonab sorbing  media. 
Each  of  the  surfaces  of  this  enclosure  is  considered  to  be  opaqus, 
homogeneous,  diffusely  reflecting,  uniformly  irradiated,  and  at  a  uniform 
temperature.  The  i^^  surface  of  this  n  surface  enclosui'e  emits  radiant 
energy  in  the  amount 

u,  =  a.(l-p.  .)e.  .(AM^  (j=l,2...p)  (166) 

a.  I  X,  J  ly  J  J 
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whe  re 


Area  of  surface 
th 

Reflectance  of  i  surface  for  radiation  of  average  wavelength 

A.  in  narrow  wavelength  band  of  (AX). 

J  J 


-  Mo^chromatic  emissive  power  of  black  surface  at  temperature 

^  V  J  A  4-  «»»A  A 1  A \ 


of  1  surface  and  at  wavelength  X, 


‘j 


The  term  reflectance  describes  the  behavior  of  a  particular  specimen, 
while  reflectivity  is  reserved  to  describe  the  behavior  of  the  material  itself 
(i.e.,  the  reflectance  of  a  highly  polished  specimen  of  a  material  is  numer¬ 
ically  equal  to  the  reflectivity  of  that  material). 


The  right-hand  side  of  Equation  166  actually  represents  p  terms  where 
p  is  the  number  of  wavelength  bands  into  which  the  important  part  of  the 
electromagnetic  spectrum  has  been  divided.  This  notation  convention  will  be 
used  throughout  this  discussion.  That  is,  whenever  a  subscript  appears  two 
or  more  times  in  any  product  on  the  right-hand  side  of  an  equation  and  does 
not  appear  on  the  left-hand  side  of  that  equation,  it  is  to  be  understood  that 
the  product  in  question  is  to  be  summed  on  the  subscript,  as  the  subscript 
takes  on  all  of  its  possible  identities. 

The  i^^  surface  receives  from  the  n  surfaces  directly  emitted  radiation 
which  has  suffered  no  reflections  in  passing  from  the  originating  surface  to 
the  i^^  surface.  This  energy  is  in  the  amount 


where 


o''i,j 


u  .f 

k,  J  ki 


(k  =  1,  2. .  .n) 


(167) 


fj^j^  =  Configuration  factor  from  k*"^  to  i*"^  surface 


In  Equation  167,  the  subscript  o  denotes  the  fact  that  no  reflections  have 
taken  place  in  the  transfer  of  the  energy. 


Of  the  energy 


o 


the  i 


th 


surface  absorbs 


w 

o 


ij 


(1-p  .)u,  .f 

i,  J  K,j  ki 


where,  in  the  general  case. 


o  i 


j=l 


w 

c 


i.  j 


(168) 


(169) 
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is 


Energy  which  has  suffered  /3  reflections  before  reaching  the  1 


th 


surface 


rtV  ,  •-  u  f  p  f  p  ,1  p  . 

p  l,j  k,  j  k  / j /m^m,  j  mn'^n,  j 

tH 

The  amount  of  this  energy  absorbed  by  the  1  surface  Is 


si 


(170) 


length  is 


th 

An  energy  balance  on  the  1  surface  for  radiation  of  average  wave- 

(172) 


oo 


That  is, 


i.J  i.J  ^^0  i.J 


q.  .  =  u.  .  -  (1  -  p  .  .)  (u  .f  +  u  ,f,  .a,  .i,. 

ii  J  ii  J  k,  j  ki  k,  jk^^/,j/i 


+  u,.  .f, 


(173) 


th 

where  the  energy  q^, which  must  be  added  to  or  removed  from  the  1  surface 
to  take  into  account  the  differences  between  the  radiant  energy  leaving  and 
entering  the  surface, is 


q.  =  Eq.  :  (174) 

The  form  of  Equation  173  is  not  suited  to  computations.  Therefore, 
the  procedures  are  directed  toward  obtaining  forms  of  the  energy  balance 
equation  that  are  more  suitable  for  computation.  The  terms  can  be  written 
as  a  product  of  certain  matrices.  For  example, 


o  i,J 


-  'ii  -^1  i 

k,j  ki 


fu,  ,u 

[  l.j  2,j 


u 

n. 


(175) 
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and 


ri.j  " 


=  fu.  ,U-  ....u  .) 

L  i.J  2,J  n.jJ 


r  n 

•  « 

f  f  f 

^iri2‘  •  Mn 

p,  jO...  0 

'll 

^21^22" ■ ■^2n 

“'’a,)"'  “ 

'zi 

as  a 

a  a  • 

• 

as  a 

a  a  a 

a 

a  a  a 

a  a  a 

• 

f  ,f  -.,.f 

nl  n2  nn 

0  0. . .  p 

^n,j 

nl 

=  U/RjF(l) 


(176) 


The  capital  letters  are  reserved  for  matrix  quantities  unless  otherwise 
stated.  That  Is 


U. 

J 


[“i,  A,  r  ••%.)] 

fj  -  fin 

£  f  f 

21  2?.  **•  2n 


f  f  f 

L  nl  n2  *  *  *  nn  J 


(177) 


(178) 


R. 

J 


F(l) 


P.  .  0  ...  0 

0’‘'p  ....  0 

2.J 


0  . . .  p 


n,  nj 


a 

[  . 
21 


ni 


(179) 


(180) 


Equation  173  can  be  written  In  the  form 

q.  .  s  u .  1  -  (1  -  P.  .)  rU  F(i)  +  U.FR.F(i)  +  U.FR.FR.F(i)  +  .  .  .1 

L  J  J  J  J  J  J  J 


(181) 
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DIGITAL  COMPUTATION 


For  the  purpose  of  digital  computations  of  heat  transfer  and  tempera¬ 
tures  of  n  surfaces)  equations  in  the  form  of  Equation  186  will  be  used.  Let 


-1 


c, ,  .c,,  .. . . c,  , 

11, j  12, J  ln,j 

C.«i  tC...  ...iC^ 

21,  j  22)  J  ZtIi  j 


I  c  ,  .c  ,  .  c 

[_  nl,j  n2,j  nn,  J 


(190) 


The  matrix  product  in  Equation  186  can  be  shown  to  be 
I  -  FR 


"j  [■  - 


F(i)  =  u  .(c,  .f,.+  -.+c,  .f  ) 

1,  j  11,  J  li  12,  J  2i  j.n,  J  ni 

+u,  .(c,,  .f,.+C--  ,f-.  +  ...+C-  .f  .) 
2,  J  21,  J  li  22,  j  i.*i  2n)  j  ni 


(191) 


hu  .(c  ,  .f,.+C  -  .f-,  +  ...+C  .f  ,) 

n,  j'  nl.j  li  n2,  J  21  nn,  j  ni' 

Planck's  equation  gives  the  relationship  for  monochromatic  emissive 
power  of  an  ideal  radiator  at  temperature  T^. 


-5 


'i.  j 


exp 


-1 


(192) 


Q  4 

where  is  1.  18070  x  10  Btu  (microns)  /(hour){ square  foot)  and  is 
25896  micron.s  (®R),  where  microns  is  the  measure  of  wavelength. 


Let 


C  A  ‘^(AA). 

y.  .  =  - i-  Btu/Chr)(sq  ft) 

i  I  J  L 


(193) 


exp 


A.T, 


-  1 


Then 


+a  (1-P  .)y  i(C  ,  ,f  ,+C  -  .£,,  +  ... +C  ,f  ,) 

n  n.j'^n,  j'  nl,  j  ni  n2,j  2i  nn,  j  ni' 


(194) 


BO  that 


Sk,/ki  [^il./li'''S2,/2i''‘-  •  •■'■^in./ni] 
Uj[l-FRj-^F(i)=a,.^^^y^  .C,k,/,i  (j|  =  1.  2  •  •  •  n) 


(195) 


where 


'  .  .  =  1-A  . 
i.J  i.J 


From  Equation  186, 


\  j^i,  j  j  U.  k,  jh 


(196) 


(197) 


(198) 


^  j*  l.j^l,  j^lk.j^ki '*’'**'**  Vi,  j^ik,  j^ki  (199) 


+  . . .  +  a  f  ,  .e  .y  ,C  ,  .f  . 

n  1,  J  n,  j'n,  j  nk,  j  ni  = 


The  system  of  n  equations  may  be  written  in  the  form 


+  d,  .y  .  -  0 
In,  j'n,  J 


+  *lj  1  jYi  •+•»•+ lY-  •  +  •••+ *!•  iV  1  n 
T  il,j^l,j  u,j^i,j  xn,j^n,j  =  0 


(200) 


q_  +  d  ,  .y,  ,  + 
^  nl.j'l.j 


+  d  .y  =  0 
nn,  J  n,  j 
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where 


jSk,/ka"®a^^ 


(201) 


where  ^is  the  Kronecker  delta  and 
afi 

ft  I  1  if  o  =  ^ 

afi  -  on  a4fi 

The  quantity  qi  may  be  heat  that  is  conducted  or  convected  to  the  surface 
i  or  it  may  be  that  generated  internally  in  the  material  of  surface  i.  There¬ 
fore.  in  general,  the  system  of  equations  to  be  solved  for  the  unknown  tem¬ 
peratures  T,.  T,...T.....T  .  T  .  T....is 

lb  1  A  21  D 

d,,  .y,  ,  +  ...+d,  .y  .+d'  ,T ,+.  .  . +d' ,  T  +d''  T  +d''  .T. +...  +  »?,  =  0  1 

ll.j'l.j  In.j^n.j  11  1  In  n  la  a  lb  b  1 


d,  ,  .y,  .+...+d,  .y  .+d'  ,T  ,  +  .  .  . +d'  T  +d".  T  +d", ,  T, +.  .  . +»/,  =0 
il.j'l.j  in.j^n.j  ill  in  n  ia  a  ib  b  i 


d  ,  .y,  .+...+d  .y  .+d'  ,T,+.  ..+d'  T  +d"  T  +d"  ,T. +...+»?  =0 
nl.j^l.j  nn.  j  n.  j  nl  1  nn  n  na  a  nb  b  n 


Other  equations  containing  only  T  to  the  first  power  equal  zero. 

8 


(202) 


where  Ta.  Tbi  sind  so  forth,  are  temperatures  of  elements  of  the  system 
which  are  not  involved  in  the  radiant  energy  interchange.  All  terms  having 
the  primed  coefficients  are  reserved,  of  course,  for  conduction  and  convec¬ 
tion.  This  assumes  that  the  conduction  and  convection  of  energy  can  be 
written  in  such  a  manner  that  only  the  first  powers  of  the  temperatures  are 
involved.  The  JJ  terms  are  reserved  for  internal  energy  generation  within 
elements  of  the  system. 


It  should  be  noted  that  this  analysis  has  been  set  up  using  the  assump¬ 
tion  that  Lambert's  cosine  law  adequately  defines  the  space  density  of  emitted 
and  reflected  radiation.  Obviously,  this  is  not  the  physical  case.  A  more 
exact  analysis  would  include  the  variation  of  space  density  of  reflected  and 
emitted  radiation.  However,  because  no  such  data  are  now  available  and 
because  such  a  numerical  analysis  would  be  complex  for  even  the  most 
advanced  computing  machines,  it  has  not  appeared  necessary  that  these  more 
accurate  descriptions  of  the  actual  physical  system  be  included  at  this  time. 


Th.  pr.c.din,  .n.ly.1.  a"  mlSof  «*ir.o°‘ 

reflectance  with  wavelength.  Here,  required 

actually  sum  across  the  \  Artt  stap  In  probing  such  solu- 

„t  o£  "onltoo"  Jl  t  te  u.ad.  Thl. 

"“uUr.“*iMrZ  IC,  n.c..fa.v  .a  -un.  on  J  In  .ho  oxpr.a.lon 
for  dg^in  Equation  201. 
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DISCUSSION  OF  ASSUMPTIONS 

1.  The  methods  of  &nalyai»  discussed  In  this  section  have  the  common 
restriction  thiit  radiant  energy  is  emitted  or  reflected  Izi  diffuse  form, 
as  opposed  to  specular  form.  A  satisfactory  method  of  handling  partly 
diffuse,  partly  specular  radiation  has  not  yet  been  devised.  Fortunately, 
most  thermal  radiation  encountered  in  engineering  applications  can  be 
considered  to  be  in  diffuse  form. 

2,  The  radiosity  network  method  is  usually  applied  only  to  gray  body 
radiation  and  is  so  used  in  this  report.  Metnods  have  been  developed 
whereby  non -gray  radiation  can  be  treated,  but  this  is  considered  beyond 
the  scope  of  this  report. 


Section  VII 


CONFIGURATION  FACTOR  STUDIES  AND  DATA 

CONFIGURATION  FACTOR  EVALUATION 


One  of  thu  most  difficult  areas  in  the  analysis  of  radiatioiL  heat  transfer 
is  proper  calculation  of  the  geometric  configuration  factor.  Basically,  the 
configuration  factor  F12  from  Aj  to  A^  is  defined  as  the  fraction  of  the  total 
radiant  flux  leaving  Aj  that  is  incident  upon  A2-  The  configuration  factor 
from  a  plane  point  source  to  a  finite  surface  (commonly  known  ar  a  differen¬ 
tial-finite  configuration  factor)  is  obtained  by  integration  over  A2>  and  the 
mean  configuration  factor  from  a  finite  source  (finite -finite  configuration 
factor)  is  the  average  of  the  point  configuration  factors  over  the  finite  source. 
The  integral  expression  for  the  differential -finite  configuration  factor  from 
dAj  to  A2  is  given  by 


(dAj^  -  A2) 


cos  6^  cos 


(203) 


The  integral  expression  for  the  finite- finite  configuration  factor  from 
Ai  to  A2  is  given  in  the  Section  III  discussion  on  radiant  heat  exchange 
between  surfaces. 


Ai  A2 


cos  cos  ^2 


dAidA2 


(204) 


As  an  example  (from  Reference  20)  consider  the  two  mutually  perpendi¬ 
cular  surfaces  shown  in  Figure  57.  The  left-hand  corner  cf  the  horizontal 
surface  is  assumed  to  be  the  origin,  with  the  x,  y,  and  z  axes  as  shown.  The 
horizontal  surface  has  overall  dimensions  of  D  and  W  while  those  of  the 
vertical  are  H  and  W.  Thus 


12  WDff 


// 

Ai  A2 


COB  6^  COB  6^ 


dAj^dA2 
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therefore 


H  D  W  W 


12  “  WDir 


-nif 


o  o  o 


/  p -  ?  P.  '  y)  - - P|ydxjdx2dydz 

J  |^(X2  “  +  (D  -  y)^  +  z  J 


(206) 


Integrating  Equation  206  yields 


1 


12  "  WDn- 


(d2  -  W^+H^)  In  (d2+H^+W^) 


-  (d2  +  h2)  In  (d2  +  H^)  -  (D^  -  W^)  In  (D^  +  W^) 


II 


(207) 


1 


WDnr 


1 

WDir 


(h2  -  w^)  In  (h2+  W2)  -  In  d2  -  In  In  w2)j 

-  W  \/d^  +  tan  "  ^  1 

v/d^  +  h2  j 


HW  tan"  ^  +  DW  tan  "  ^ 

H 


It  can  be  seen  that  the  integration  process  is  often  tedious,  even  for  simple 
shapes  such  as  in  the  example.  In  fact,  for  most  cases  the  integration 
cannot  be  solved  analytically  and  other  means  must  be  used  to  obtain  the 
answer.  Under  these  circumstances  the  following  approach  can  be  utilized: 


1.  If  the  areas  in  question  can  be  assumed  infinite  in  one  direction, 
there  are  several  very  simple  and  rapid  methods  available  with 
which  to  obtain  the  configuration  factor. 

2.  If  step  1  does  not  fit  the  problem,  the  next  step  is  to  use  tables 
and  charts  which  are  available  for  specific  configurations.  These 
are  discussed  in  this  section  and  provide  solutions  to  a  number 

of  different  configurations,  with  the  help  of  form  factor  algebra* 

3.  If  the  previous  steps  are  not  adequate,  there  is  available  an  IBM 
program  which  calculates  the  configuration  factor  between  any 
two  plane  areas  if  they  are  in  the  form  of  parallelograms. 
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4,  The  method  that  can  be  used  where  all  other  methods  prove  to 
be  inadequate  is  called  the  unit  sphere  method.  This  is  a 
highly  accurate  technique,  although  unfortunately  it  is  rather 
tedious.  Most  mechanical  integrators  are  based  on  the  \init 
sphere  principle. 

A  most  useful  method  for  evaluating  the  configuration  factor  between 
surfaces  infinite  in  one  direction  is  called  the  "string"  method  and  is  pre¬ 
sented  in  Reference  21  (p  66-68). 


E 


Figure  58.  Diagram  of  Infinite  Enclosure 


Consider  the  enclosure  of  Figure  58.  It  is  desired  to  compute  the  con¬ 
figuration  factor  from  surface  Ai  to  surface  A^.  A  minimum-length  line  is 
stretched  over  the  surface  connecting  edge  B  of  A,  to  edge  E  of  A^  (dotted 
line  BCDE)  as  well  as  a  minimum-length  line  from  edge  L  of  Aj  to  edge  F  of 
Az  (line  LKJHGF).  A  minimum-length  line  is  now  stretched  from  B  to  F 
(line  BHGF)  a  second  line  from  L  to  E  (line  LKJE).  The  configuration  factor 
Fi2  ‘^s.n  then  be  obtained  from  the  expression 


AiFi2  =  A2F21 


(LKJE  +  PHGF)  -  (BCDE  +  LKJHGF) 
2 


(208) 
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Equation  208  states  that  the  AF  product  between  two  surfaces,  per  unit 
of  length  normal  to  the  sketch  of  Figure  58,  is  the  sum  of  the  lengths  of 
crossed  strings  stretched  between  the  ends  of  the  lines  representing  the  two 
surfaces,  less  the  sum  of  the  lengths  of  uncrossed  strings  similarly 
stretched  between  the  surfaces,  all  divided  by  2. 

Another  useful  method  is  that  which  calculates  the  configuration  factor 
from  a  differential  area  to  an  infinitely  long  surface  (Figure  59).  Surface  A^ 
is  any  surface  generated  by  an  infinitely  long  line  moving  parallel  to  itself 
and  to  the  plane  dAi. 

^(dAi-A^)  "  ^ 


Figure  59.  Diagram  of  Differential  Area  and  Infinitely  Long  Surface 

There  is  some  error  involved  if  A2  is  not  infinitely  long  in  one 
direction.  However,  if  the  length  is  greater  than  twice  the  distance  from  Aj 
to  A2»  the  error  is  less  than  10  percent.  For  small  surfaces,  the  configura¬ 
tion  factor  can  be  found  for  two  directions  and  averaged. 

Equation  209  can  be  applied  for  several  points  along  a  finite  surface  Aj 
and  then  averaged.  This  results  in  a  fairly  small  error  if  sufficient  points 
are  taken. 

Instead  of  calculating  each  point,  it  is  simpler  to  draw  the  bodies  to 
scale  and  use  Figure  60,  which  is  a  graphical  solution  of  Equation  209.  The 
origin  should  be  placed  at  several  points  on  one  shape  to  obtain  an  average 
configuration  factor.  Figure  61  also  can  be  utilized  in  this  way. 


Figure  60.  Differential  Area  Shape  Factor  for  Two-Dimensional  Case 
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SHAPE  MODULUS  FROM  DIFFERENTIAL  AREA  TO  LUNE  (F^a,  O 


6 


TABULATED  DATA 


DATA  OF  REPORT  NACA  TN  Z836 

One  of  the  moet  widely  used  sources  of  tabulated  configuration  factor 
data  is  report  NACA  TN  2836,  "Radiant  -  Interchange  Configuration  Factors, 
D.  C.  Hamilton  and  W.R.  Morgan  of  Purdue  University,  December  1952 
(Reference  22).  This  report  Includes  configuration  factor  data  for  the  follow¬ 
ing  shapes: 

1.  A  plane  point  source  dAj  and  a  plane  rectangle  A2  parallel  to  the 
plane  of  dA]^ 

2.  A  plane  point  source  dAj^  and  a  plane  rectangle  A2»  the  planes  of 

dAi  and  A2  intersecting  at  an  angle  ^(0'*<  <180*) 

3.  A  plane  point  source  dAj  and  any  surface  A2  generated  by  an  infi¬ 
nitely  long  line  moving  parallel  to  itself  and  to  the  plane  of  dA^ 

4.  A  plane  point  source  dA^  and  any  ii^inite  plane  A2  with  the  planes 
of  dAj  and  A2  intersecting  at  an  angle  6 

5.  A  apherjcal  point  source  dAj  and  a  plane  rectangle  A2 

6.  A  plane  point  source  dAj  and  a  plane  circular  disk  A2 

7.  A  plane  point  source  dA|^  and  a  plane  disk  A2,  the  planes  of  dA^  and 
A2  intersecting  at  an  angle  of  90  degrees 

8.  A  plane  point  source  dAj  and  a  right  circular  cylinder  A2 

9.  Two  concentric  cylinders  with  a  point  source  dA^  on  the  inside  of 
tho  large  cylinder  at  one  end 

10.  Same  geometry  as  shape  2  with  a  triangular  area  added  to  the  top  of 

A2 

11.  Same  an  shape  10  with  the  triangle  reversed 

12.  An  infinitely  long  cylinder  Ai  and  an  infinite  plane  A2»  mutually 
parallel 
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13.  A  line  source  dAi  and  a  plane  rectangle  A2  parallel  to  the  plane 
of  dAj  with  dAj^  opposite  one  edge  of  A2 

14.  A  line  source  dAj^  and  a  plane  rectangle  A^  which  intersects  the 
plane  of  dA^  at  an  angle  (fx 

15.  A  line  source  dAi  and  a  right  circular  cylinder  A^  parallel  to 
dAi 

16.  Two  concentric  cylinders  with  a  line  source  dAj^  on  the  inside  of 
the  large  cylinder.  The  outside  cylinder  is  Al,  the  inside 
cylinder  is  A2 

17.  Same  geometry  as  shape  16,  calculates  configuration  factor  from 
dA]^  to  the  ends  of  the  concentric  cylinders 

18.  Identical,  parallel,  directly  opposed  rectangles 

19.  Two  rectangles  Aj  and  A2  with  one  common  edge  and  an  included 
angle  <f>  between  the  two  planes 

ZO.  Parallel,  directly  opposed,  plane,  circular  disks 

In  addition  to  the  graphical  and  tabular  data  presented  in  this  report, 
the  integrated  equations  of  many  of  the  shapes  are  given.  Form  factor  algebra 
and  basic  theory  are  also  presented. 

DATA  OF  CONVAIR  (FORT  WORTH)  STUDY 

This  discussion  presents  the  results  of  a  study  conducted  by  the  Fort 
Worth  Division  of  Convair  to  determine  the  configuration  factors  for  various 
shapes  (Reference  Z3).  No  attempt  has  been  made  to  present  the  derivation 
of  the  equations  presented  herein.  A  complete  development  of  the  equations 
can  be  found  in  Reference  Z3. 

It  should  be  noted  that  some  of  the  integrations  cannot  be  performed 
analytically  and  numerical  methods  are  required. 

Parallel  Planes 

For  nodes  1  and  Z,  as  defined  in  Figure  6Z,  lying  on  parallel  planes, 
the  black  body  interchange  factor  is  defined  by  the  following  equations. 
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For  nodes  1  and  Z,  as  defined  in  Figure  62  with  y  =  c  =  0  and 
8  =  d  =  00  ,  lying  on  parallel  planes  (i.e.  infinite  strips),  the  black  body 
interchange  factor  is  defined  by 

+  +  (0-b)^  -  +  (0-a)^  )  (21i 


Figure  63.  Nodes  on  Skewed  Planes 


Skewed  Planes 


For  nodes  1  and  i,  as  defined  in  Figure  63,  lying  on  nonparallel 
planes,  the  black  body  interchange  factor  is  defined 
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where  the  function  is  defined  by 
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For  the  case  defined  in  Figure  63  when  $  is  90  degrees,  the  black  body 
interchange  factor  is  defined  by 


f,(b-a.  d^+y^)  -  f,(b  -a,  d‘‘+S‘‘)  +  f  (b-a.  c“+S“) 
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where  the  function  f3  is 


(216) 
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For  nodes  1  and  2,  as  defined  in  Figure  63  with  a  -  a  -  0  and 
b  =  j8  =  00  ,  lying  on  nonparallel  planes  (i.e.  infinite  strips),  the  black 
body  interchange  factor  is  defined  by 
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Parallel  Disks 
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The  black  body  interchange  factor  between  two  disks,  with  radii  of  Rj 
and  R,i,  respectively,  whose  centers  lie  on  a  line  normal  to  both  disks  is 
given  by 
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2R, 


2  2  2 
E  +R^ 


2  2  2.2  .2 
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where  E  is  the  distance  between  the  disks. 
Plane  and  Parallel  Cylinder 


For  node  1  lying  on  the  surface  of  a  cylinder  and  node  2  lying  on  the 
surface  of  a  plane  (parallel  to  the  cylinder)  as  defined  in  Figure  64,  the  black 
body  interchange  factor  is  defined  by 


S  =  cos 
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where  the  functions  f .  and  are  defined  as 
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where 


n  2  2  2 

>7  =  y^  +  X2  +  p 


,  2  2  ^2 
'  =  Vz  +  ^2  “  ^ 


X  =  4P^y2^  +x,^)  -  (A  -  n)^ 


Aj^  -  r\  -  ZP  cos  0^  +  y^  sin  0^) 


A^  =  17  -  ZP(x^  cos  0^  +  y^  ^2^ 


Concentric  Cylinders 

For  node  1  on  the  outside  surface  of  the  inner  cylinder  and  node  2  on 
the  inside  of  the  outer  cylinder,  as  defined  in  Figure  65,  the  black  body 
interchange  factor  is  defined  by  Equations  224  and  225,  For  0  '  >  90“  or 
0  ^  <  90“, 
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For  0'^  <  90“<  0 
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where 


X  -.  4  0„^<’^  -(A-n)^ 

Aj  =  n  -  iPfjP  sin  6^ ' 

=  IJ-Z  pepsin  6^ 

and  d'  is  related  to  B  and  0as  follows,  when  0<B  (or  <  2?r, 

For  0  <  ^  <  n, 

d'  =  6  -  +  I 

d'  =  e  -  (/>  - 1 

For  n  <  t}/  <  In, 

I  ,  Sn 

e  =  0-  >/f  +  — 

$'  =  e-  0+-f- 

Parallel  Cylinders 

For  node  1  on  the  surface  of  the  cylinder  of  radius  p  and  node  Z  on 
the  surface  of  the  cylinder  of  radius  pQ  as  defined  in  Figure  66,  the  black  ^ 
body  interchange  factor  is  defined  by  Equations  228  and  229.  For  >90* 
or  <  90", 


for  $  <  (tjf  +  n) 
for  $  >  {f/f  +  n) 

for  $  <  (iff  -n) 
for  0  >  {f(f  -n) 


Figure  66.  Nodes  on  Parallel  Cylinders 
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where  the  functions  f  and  f  are  defined  as 
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Cylinder  and  Skewed  Plane 

For  nudes  1  and  2,  as  defined  in  Figure  67,  lying  on  a  cylinder  and  a 
plane  (which  is  not  parallel  to  the  cylinder),  respectively,  the  black  body 
interchange  factor  is  defined  by 
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Figure  67,  Nodes  on  Cylinder  and  Skewed  Plane 
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Cylinder  (Internal) 

For  the  case  of  two  nodes  lying  on  the  inside  of  the  same  cylinder, 
as  defined  in  Figure  68,  the  black  body  interchange  factor  is  defined  by 
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Figure  68,  Nodes  on  Cylinder  (Internal) 
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Plane  and  Sphere 


The  black  body  interchange  factor  between  node  1  on  a  plane  and  node 
2  on  a  sphere,  as  defined  in  Figure  69  is  given  by 
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where 


V  =  sin  ^sin  0  sin  0  +  cos  0  cos  0 

! 

f  =  X  sin  0  cos  ^  +  E17  +  y^  (sin  0  sin  6  sin  0  >  cos  0  sin  0) 

Equation  236  is  not  integrated  analytically  because  the  resulting  IBM 
compution  routine  is  more  complicated  than  the  case  wherein  all  four  inte¬ 
grations  are  done  numerically. 

Internal  Symmetrical  Radiation 

For  the  case  where  a  node  is  defined  as  a  ring  around  some  symmetri¬ 
cal  body,  computation  of  the  black  body  interchange  factors  is  greatly 
simplified.  The  black  body  interchange  factors  between  the  variovis  nodes  of 
the  sphere -cone -cylinder  configuration  of  Figure  70  are  given  by  the 
following  equations. 
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Figure  70.  Sphere-Cone-Cylinder  Configi'.ration 


For  nodes  on  a  cylinder, 
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where  the  function  f is  given  by 
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For  a  nod  i  on  a  sphere  to  a  node  on  a  cylin'l<.r, 
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and  P  (radius  of  sphere)  is  given  by 
o 


^o  sin  lA 


(244) 


(m.i) 


For  a  node  on  a  sphere  to  a  node  on  a  cone, 

=  ®m-l  ■  V 


4p  (cos  Q  -  cos  ^  ) 
o  m-1  m 

^  V  -  'is"*/  «m-J> 


where  p  is  defined  by  Equation  244  and 
o 


(245) 


f^5  (^,<u)  = 


(cos  (O  -  cos  t//)  + 


2  .  2 

4  p  sin  ra 


2 

/  e  \ 

2  ■ 

2p^  sinco\P^  +  ^ 

- 

2 


(246) 
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Will  Mill  ,  ,rr-,  ^ 


For  a  node  on  a  cone  to  a  node  on  a  cylinder, 


(/,  n) 


4-  sin  ^ 


(b^)'-(b^.i)" 


I  (b 


>  -  b  )  (a  -  a  ) 
-e  ■«  -1  n  n-1 


^16  ^^n-1,  ~  ^16  ^^n-1, 


(247) 


16  n,  16  n,  £~l' 


where  f  is  defined  by 


/  /•  ^  /  £0.2 
{ ^  -  6J)  +  + 


tan  0 


1 


(248) 


For  the  configuration  of  Figure  71,  the  black  body  interchange  factor 
between  two  nodes  (n  and  n')  is  given  by 


(n,  n') 


fr(b  +  d)  ( 


(a  -  a  )  ^ 

n  n- 1  J  L 


S7  ^^n  ■  ^n'-l' 


■  ^17^^n-l  "  ^n'-l^  ^17  ^^n-1  '  ^n'^ 


(249) 


^17<^n  ' 
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DATA  OF  ASME  PAPER  56-A-144 


The  configuration  factors  for  various  cylindrical  shapes  presented 
here  were  published  by  H.  Leuenberger  and  R,  A.  Person  in  Paper 
56-A-144  of  the  American  Society  of  Mechanical  Engineer s  (Reference  Z4). 


UPPER  DISK 
LOWER  DISK 
RADIUS  OF  UPPER  DISK 
RADIUS  OF  LOWER  DISK 
DIFFERENTIAL  SECTOR  OF  1 
DIFFERENTIAL  ELEMENT  OF  a 
DISTANCE  BETWEEN  b  &  DISK  AXIS 
DISTANCE  BETWEEN  DISKS 


187  - 


08  are 


^ '  0 


>00 


^12  =  1  R  >  r 

F  2  2 

12  =  R^/r  R  <  r 


=  1 

=  R^/(L^  +  R^) 
=  0 


Cylinder 


1  TOP  Of  CYLINDER 

2  BOTTOM  Of  CYLINDER 

3  CURVED  SURE  ACE  Of  CYLINDER 

R  RADIUS  Of  CYLINDER 

L  HEIGHT  Of  CYLINDER 

a  DIf fERENTIAL  VERTICAL  STRIP  Of  3 

b  DIf  fERENTIAL  ELEMENT  Of  a 

z  DISTANCE  BETWEEN  b  &  2 


.2 


+  2R^ _ Z 

2R  'Jl}  +  4R^ 


(253) 


.3 


7?'  ^  2R^ 

2Rv/z^  +  4r2 


(L  -  Z)^  +  2R^ 

2R  \/(L  -  Z)2  +  4r2 


(254) 


(255) 
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F 


a  f  2i 


F 

a, 


3 


33 


The  limiting  values  are 


L  — ~  00 

^13 

= 

1 

^33 

= 

I 

o 

t 

1^13 

= 

0 

F33 

= 

0 

R  — ►  00 

^13 

F33 

= 

0 

= 

0 

1 

O 

Fi3 

= 

1 

1^33 

I 

(256) 

(257) 


L 

2R 


2  2 
+  2R 


+  4R 


2 


Directly  Opposed  Parallel  Annuli 


1  INNER  DISK  CONTAINED  BY  TOP  ANNULUS 

2  TOP  ANNULUS 

3  INNER  DISK  CONTAINED  BY  BOTTOM  ANNULUS 

4  BOTTOM  ANNULUS 

r  INNER  RADIUS  OF  ANNULUS 

R  OUTER  RADIUS  OF  ANNULUS 

L  DISTANCE  BETWEEN  ANNUj-I 

R^>ri,  R4>  r3 


(258) 
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The  limiting  values  are 


r 


R 
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Cylinder  and  Annulus  Contained  in  Top 


1 

I 

3 

4 
r 
R 
L 


DISK  CONTAINED  IN  CYLINDER  TOP 
ANNULUS  IN  CYLINDER  TOP 
BOTTOM  OF  CYLINDER 
CURVED  SURFACE  OF  CYLINDER 
INNER  RADIUS  OF  ANNULUS 
RADIUS  OF  CYLINDER 
HEIGHT  OF  CYLINDER 
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The  limiting  values  are 


Li-^0 


14 


l.J"  +  2R^  L, 

2 _  __2 

"  2R 


ZkJl  ^  +  4R^ 

Ct 


T  =i.+  ^ 

12  2  2R 


L  ^  +  2R^ 

Ct 


I. 


IK^J-L^  +  4R^ 


Two  Concentric  Cylinders  of  Equal  Length  (One  Contained  Within  Other) 


1 

2 

3 

4 
R 
r 
L 
a 
b 
c 
d 
z 
W 


CURVED  EXTERIOR  SURFACE  OF  INNER  CYLINDER 
CURVED  INTERIOR  SURFACE  OF  OUTER  CYLINDER 
BOTTOM  ANNULUS  CONTAINED  BETWEEN  1  &  2 
TOP  ANNULUS  CONTAINED  BETWEEN  I  &  2 
RADIUS  OF  OUTER  CYLINDER 
RADIUS  OF  INNER  CYLINDER 
HEIGHT  OF  CYLINDERS 
DIFFERENTIAL  VERTICAL  STRIP  OF  1 
DIFFERENTIAL  ELEMENT  OF  a 
DIFFERENTIAL  VERTICAL  STRIP  OF  2 
DIFFERENTIAL  ELEMENT  OF  c 
DISTANCE  BETWEEN  b  &  3 
DISTANCE  BETWEEN  d  &  3 


n 


cos 


I  W^  -  R^  +  ,  -I  (L  -  W)^  -  R^  +  r^ 

2  2  2  ^  ,  ,2  2  2 

W  +  R  -  r  (L  -  W)  +  R  -  r 


W 

r 


2  2  2 
W  +  R  +  r 


I 


cos 


2  2  2 
-I  r(W  -  R  +  r  ) 


LV(W^  +  +  r^)  -  4r^R^ 


R(W^  +  R" 


r^) 


■ 

f 

r 

2  -  — < 
n 

/l  -  w\  (L  -  W)^  -!•  R^  +  r^ 

R 

V[(I>  -  W‘  +  R^  +  -  4r^R^ 

(268) 
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(1.  -  W)^  -  R^ 


(L  -  W)^  +  R^  -  r^] 


* 

* 

r 

>  1 

J 

+  TT 

2 - 

R 

n 

J 

J 

. 

L  -1  r 

—  COR  — 

r  R 


2  2 
W  +  2R 


2R 


2R 


\/4R^  + 


(L  -  W)^  +  2R^ 


W^  2R>/4R^  +  (L  -  W)' 


2r/  -1  .  .  -1  2>/r^- 


W 


2  2 
W  •f_2R 

RV4R^  + 


sin 


,,„2  2,  W  ,„2  ^  2, 
4(R  -  r  )  +  -—  (R  -  2r  ) 

_ R^ _ 

+  4{R^  -  r^) 


2r' 

r2 


2  _2.  ,  (L  -  W)  ,„2 


(L  -  W)^  +  2R^ 


4(R  -  r  )  + 


(R  -  2r 


sin 


-1 


R 


RV4R  +  (L  -  W) 


(L  -  W)^  +  4(R^  -  r^) 


*  Evaluated  with  L  replaced  by  W 


2  2  2 
-1  Z  -  R  +  r 


2  2  2 
Z  +  R  -  r 


Z 

r 


2  2  2 
Z  +  R  +  r 


u 


(Z^  +  R^  +  r^)  -  4R^r^ 


cos 


•1  r(Z^  -  R^  +  r^)  -1  r 

—  '■■  '"■■  -  COS 

R(z2  +  r2  .  ^2,  R 


Fb_2  =  1  -  (Fb.s  +  *'b,4> 


(269) 


) 


(270) 


(271) 


(272) 


(273) 


Values  calculated  from  Equations  273  and  274  are  in  agreement  with  values 
obtained  by  approximate  numerical  methods  by  Hamilton  and  Morgan 
(Reference  22). 


^23  ■ 

^.3  =  I**- 

^  21  '  ^22^ 

(273) 

II 

(r-R(F^^  +  2F21-l)] 

(276) 
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R  '47~74  R'^ 


iL  ^  L  2.  Z 
-1  4  (R  -  r  )  +  (R  -  Zt  ) 


Z  Z  I 

L  +  4  (R  -  r  ) 


Cylinder  and  Plane  of  Equal  Length  Parallel  to  Cylinder  Axis  (Plane  Outside 
Cylinder) 


CURVED  SURFACE  OF  CYLINDER 
PLANE 

ONE-HALF  OF  PLANE 
RADIUS  OF  CYLINDER 
HEIGHT  OF  CYLINDER  &  PLANE 
DISTANCE  FROM  CYLINDER  AXIS 
TO  PLANE 
LENGTH  OF  PLANE 
VERTICAL  DIFFERENTIAL  STRIP 
OF  Z 

DIFFERENTIAL  ELEMENT  OF  a 
DISTANCE  FROM  a  TO  CENTER 
OF  Z 

DISTANCE  FROM  BOTTOM  EDGE 
OF  PLANE  TO  b 
£  R 
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n 


r 

31  T  / 

j  0 


F  ,  dx 
a»  1 


(279) 


The  limiting  values  are 


y-^  0 
or  y  — ►  L 


SR 


b,  1 


2 

S  +  X 


cos 


1  L  -  S  -  X  +  R 

2  2  2  2 
L  +  S  +  X  -  R 


1  I  L  I 
L  +  S  +  X  +  R 


R  /~2  2  2  ^"2  ^  2 

W(L  +S  +x  -  R)  +4LR 


cos 


1 


R  {l}  -  -  x^  +  R*") 


cos 


rr"  2  2  2  2  2 

\/s  +x  (L  +S  +x  -  R) 
-1  R 


-  00 


RS 


'  sS  x^ 

RS 


'  S"  +  x' 


^21  ""  ^31 


1  =  ^ 
^a.  1  =  ° 
^21  =  ^ 


2R  ^  -IT 

Is 


R - -  0 


b,  i 


a,  1 


21 


21 


=  0 
=  0 
=  0 


F  ,  where 
a,  1 

a,  1 

evaluated  at 

X  =  0 


S — ►«  F,  =  0 

b,  1 

F  =0 
a,  1 


F21  =  0 
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I  iiiTilirti  itfii 


d 


®— ^b,  1  *  (-1^^)  ^  -  i 

'R  +x  / 


,  2  2 
-  1  y  -  X 

cos 

y  +  X 


2  2 

^  -1  (L  -  y)  -  X  y 

+  cos  ^ r  -  t; 


2  2  2 
r  +  X  +  2R 


(L  -  y)^  +  ^  2  .  V 

'  ^  (y  +  X  )  -  4y  R 


-1  R  h 


s,L2  2  ,  2  2. 

'R  +  X  (y  +  X  )- 


"^1 

2  2j 

,  a.  ^  \J 


(L  -  y)^  +  x^  +  2R‘* 


f  2  2l  2  2 

[{I.  -  y)  +  X  j  -  4  (L  -  y)  R 


-1  R  l(L  -  y) 


-  .^1 


H.  l(L  -  y)^  +  x^l 


L  -1  R 

+  —  cos  -==r====r=r 


S - ‘R  F 


1  ,  1  [  - 1  -  x' 

1  ""  o2  2  ^  [c°8  ,  2  .  ^ 

R  4  X  I  •-  L  +  x 


_J_  .  /.  2  .  2,2  .  _  2„2  -1  R  (l2  -  x2) 

2RL  \/(i-  )  +4L  R  COB  /=7=— ^ T~ 

''  Vr'^  +  x'^  (L  +  X 


.  2  2,  .  -1  R  n  ,,  2  , 

+  (L,  -  X  )  sin  /.  ■ — -  -  y  (L  + 

4^+x^ 
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Cylinder  and  Plane  of  Equal  Length  Paralle]  to  Cylinder  A;cis  (Plane  Inside 
Cylinder) 


1  VERTICAL  INNER  SURFACE  OF  CYLINDER 
a  SIDE  OF  PLANE  FACING  1 

3  ONE -HALF  OF  PLANE 

R  RADIUS  OF  CYLINDER 

L  HEIGHT  OF  CYLINDER  &  PLANE 

S  DISTANCE  FROM  CYLINDER  AXIS  TO  PLANE 
(TAKEN  POSITIVE  AS  SHOWN) 
a  VERTICAL  DIFFERENTIAL  STRIP  OF  I 
X  DISTANCE  FROM  a  TO  CENTER  OF  PLANE 


X  (R 


tan 

^2 


1  V-sS 


+  tan 


-1 


x^) 


4L  (x^  +  S^) 


In 


-I-x^  /  ('/  -  x)^  +  l} 


xL 


In  +JL.  ^ 


.2  .2-2 


4  (x  +S)  ('/  R^  -  +  x)  + 


2  2 
4  L  (x  +  S  ) 


cos 


-1  .  -1  S“+x''R--S' 


>/; 


R  ''S>x 

~z — 


+  cos 


2rr 


R'^S^  +x^ 


-  4R^(x^  +  S^ 


COS 


(280) 
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222222  2  222  2  ./~"2  21 
- 1  2R  X  +S  (R  - S  -  X  - L  -  X  (R  +S  +x  +  L  )  -  S 

+  COB  - i - r==:-: —  '■■-■■■: - - - ^ -  I 

,„2  _2  2,  f  - 1  S^(R^-  -  x^)  +  2R^x^  -  X  (R^+  S^+  x^)  '4^- 

-  R  -,S  -X  )  COB  - i - ;  '■='  :=:= - —' ---  - - 


+  COB 


-1  (R^  -  -  x^)  +  2R^x^  +  X  (R^  +  +  x^)  ^R^  - 

R  ^  +  x^  (  ^4^  -  +  x)^ 


'^R  -  S 


F  =  F 
21  31 


F  ,  dx 
a,  1 


(281) 


'R  -  S 


The  limiting  values  are 


^a,  1  =  ^  'I  '  ^  (L^-R^+S^  cos"^  I 

..  -  -1 

.,  ■  - — —  ^22 

2  /  2  2  2  2  2  2  -1  S(R  -  S  -  L  ) 

>  »rL  +  ^(L  +  R  +  S  )-  4R  S  cos  —  ^  j 

R(R  -  S  +  L  ) 


1  ,-lR  +  x.,-lR-x 
S— 0  F  .  -  I  -  ■=  tan  — ; —  +  tan  — - — 

a,  1  "  L  L- 


.  R  -  X  , 

^  -ii3r 


R  +  X 
R  -  X 


(R  -  x)^  + 

(R  +  x)  +  L 


+  L  (R.-  .x)^..±Jk! 

(R  +  x)^  + 


X - -0 

and  S - ►R 


F  =  i 

a,  1  4  \  R  R  / 
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Two  Concentric  Cylinders  of  Unequal  Radii  (One  Atop  Other) 


1 

2 


3 

4 
R 


r 


a 


b 


z 

R 


INNER  CURVED  SURFACE  OF  TOP 
CYLINDER 

INNER  CURVED  SURFACE  OF  BOTTOM 
CYLINDER 
TOP  OF  CYLINDER  1 
BASE  OF  CYLINDER  2 
RADIUS  OF  2 
RADIUS  OF  1 
HEIGHT  OF  1 
HEIGHT  OF  2 

DIFFERENTIAL  VERTICAL  ELEMENT  OF  1 
DIFFERENTIAL  ELEMENT  OF  a 
HEIGHT  OF  b  FROM  BASE  OF  1 
>  r 


For 


(2  receives  no  direct  radiation  from  3) 


(2G2) 


(283) 


-205- 


'’!  ?  'v-  T'  -X(''’^,T^^'lT\^»< 


The  limiting  values  are 


Z-^0 

and  r — ►R  F,  . 

b,  4 


2  2 

ZrJ-L^  +  4r" 


TrsF^'Tf«'fiTw?m»*j«  ^ 


Two  Concentric  Cylindors  of  Unequal  Length  (One  Enclosed  by  Othe r ) 


II  • 

.  I 

T I  '  I  ■ 

I 


r 


”  IIW  - 


1  EXTERIOR  SURFACE  OF  TOP  INNER  CYLINDER 
I  EXTERIOR  SURFACE  OF  MIDDLE  INNER  CYLINDER 

3  EXTERIOR  SURFACE  OF  BOTTOM  INNER  CYLINDER 

4  INTERIOR  SURFACE  OF  TOP  OUTER  CYLINDER 

5  INTERIOR  SURFACE  OF  MIDDLE  OUTER  CYLINDER 

6  INTERIOR  SURFACE  OF  BOTTOM  OUTER  CYLINDER 

7  ANNULUS  BETWEEN  TOPS  OF  1  k-  4 

8  ANNULUS  BETWEEN  BOTTOMS  OF  J  t 

9  ANNULUS  BETWEEN  BOTTOMS  OF  1  k.  4 

10  ANNULUS  BETWEEN  BOTTOMS  OF  ^ 

R  RADIUS  OF  OUTER  CYLINDERS 
r  RADIUS  OF  INNER  CYLINDERS 
L,  HEIGHT  OF  TOP  CYLINDERS 
L^  HEIGHT  OF  MIDDLE  CYLINDERS 
Lj  HEIGHT  OF  BOTTOM  CYLINDERS 

9  10  ARE  USED  FOR  CALCULATION  PURPOSES  ONLY  k 

DO  NOT  SHIELD  RADIATION  BETWEEN  CYLINDERS 


.2  2 


^  2,  (4  +  5  +  6)  ^ 


R  -  r  r 

[  7,(1  +  2)  ^8,(2  +  3)  ■  ^71 


^5,  (1  +  2  +  3)  ^  ^52  RL 


2  2 


k  ['<^1 


(287) 


^19  ^3^3,  10^ 


(288) 


-(R  -  r 

V  2  10,(1 


+  2)  ■  ^9,(2  +  3)  "  ^10,  2  ■  ^92^ 


The  F's  on  the  right-hand  side  of  Equations  287  and  288  may  be  evaluated 
from  data  given  for  two  concentric  cylinders  of  equal  length. 
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DISCUSSION 


To  permit  full  utilization  of  the  foregoing  tabulated  data,  a  summary  of 
configuration  factor  properties  and  a  discussion  of  some  useful  techniques 
follows  (from  Reference  25). 


Reciprocity 

The  reciprocity  relationship  for  the  configuration  factor  from  to 

A-  is 
2 

This  relationship  often  allows  a  great  simplification  in  the  analysis  of 
configuration  factors;  can  be  obtained  directly  from  areas  of 

the  surfaces. 


Sum  Equals  Unity 

By  definition,  the  sum  of  the  configuration  factors  to  all  surfaces  seen 
by  a  given  surface  is  unity.  This  relationship  is  often  written  as 


(290) 


where 


m  =  Total  number  of  surfaces 
Yamauti  Modified  Reciprocity  Relationship 


A  modified  reciprocity  relationship,  given  by  Yamauti,  is  also  useful. 
(A  general  proof  of  this  relationship  is  given  in  Reference  26,  p.  336-33  7), 
This  relationship  in  terms  of  the  areas  of  Figure  74  is 


^14^1  ^  ^32'^3  ^  ^23^2  ""  ^41^4 


(291) 
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y 

A 


►  X 


z 


Figure  74.  Geometry  for  Yamauti's  Modified  Reciprocity  Relationship 


The  relations  of  Equation  291  assume  perfectly  diffusing  surfaces  of 
uniform  radiant  intensity  located  as  shown  in  Figure  74.  As  indicated, 
areas  Aj  and  A3  lie  on  one  plane,  and  areas  A^  and  A^  lie  on  another  plane. 
In  addition,  the  width  W 3  of  A3  and  A4  is  the  same  as  is  the  width  Wi  of  A  1 
and  Az-  As  long  as  these  geometrical  conditions  hold,  the  modified 
reciprocity  relationship  of  Equation  291  is  applicable  and  can  be  applied  to 
planes  at  any  other  angle,  including  planes  that  are  parallel.  This  relation 
is  especially  ust^ful  in  dealing  with  rectangular  areas. 

Application  of  Configuration  Factor  Properties  to  Problem 

Consider  the  infinitely  long  enclosure  of  Figure  75.  Suppose  that  the 
configuration  factor  F32  is  known  and  that  the  problem  is  to  determine  the 
remaining  configuration  factors  in  the  enclosure.  An  obvious  solution  is  to 
use  the  string  method  (page  156).  However,  for  purposes  of  demonstration, 
the  following  solution  will  utilize  several  of  the  special  properties  described 
above. 
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«»■ 


Once  F34  is  known,  the  remaining  configuration  factors  for  Figure  75 
can  be  determined  by  the  reciprocity  relationship.  For  example,  the 
configuration  factor  F^^  is  given  by 


F 


43 


=  F 


34  A. 


(^95) 


Configuration  Factor  Algebra 

In  many  instances  it  becomes  necessary  to  determine  configuration 
factors  which  cannot  be  found  directly  from  the  tabulated  data.  For  example, 
consider  the  case  of  a  surface  A3,  which  is  perpendicular  to  a  second  surface 
A^t  and  the  two  surfaces  do  not  have  a  common  edge  as  shown  by  diagram  Z 
of  Figure  76.  The  configuration  factor  F^^  for  this  configuration  is  desired. 
As  is  evident  from  the  geometry  of  diagram  2  (Figure  76),  F32  cannot  be 
evaluated  directly  from  the  graphical  data. 

A  convenient  technique  for  evaluating  F32  consider  the  flux 

transfer  between  a  fictitious  source  consisting  of  surfaces  A^  and  Ai  and 
the  area  A2.  Denote  the  flux  received  by  area  A2  from  A(i  4  3)  as  <;$(1  3^  2)* 

From  this  must  be  subtracted  the  flux  <p  \  2.  due  to  the  source  Aj  yielding 

^32  “^(1  +  3,  2)  "^12 

The  total  flux  leaving  an  area  A^  which  is  incident  on  an  area  A^  is  given  by 


0 


(n,  m) 


=  J  F,  ,A 
n  (n,  m)  n 


(297) 


where 


=  Radiosity  or  total  flux  per  unit  area  streaming  away  from  surface  n 
Substituting  Equation  297  into  Equation  296  yields 


Assuming  that  J 


^3^32^3  “  "^(l  +  3)^(1  +  3,  2)‘^(l+3)  "  ‘^1^12'^! 
2  +3)*  "^l  *  Equation  298  becomes 

^32“^3  '  ^(1  +  3,  +  3)  " 


(298) 


(^99) 
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(1) 


Basic  perpendicular  configuration  (for  F2J  or  F22  use 
i^qO  configuration  factor  graphs) 


A3F32  »  A2F23 


“  ^(l+3)^(l+3,2)  ■ 


=  1/2  f  2+4)  •  -^1^12  ■  -^3^34 


s  A. 


=  1/  2  f  j^.3^  2+4)  "  "^3^34  ^1^(12) 


‘^3^(3,  2+4+6)  “  ‘^{2+4+6)^(2+4+6,  3) 


=  1/2  f  A^i  +  3)Fjj^3  2+4)+ ^*(3+5)F(3+5^4+6) 


A.F.,  -  A.F,,  j 


1  12  5'  5' 


Figure  76.  Diagrams  of  Configuration  Factor  Algebra  (Sheet  1  of  2) 
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Solving  for  from  Equation  299  yioldi 


F,,  =  ~  IF,,  ^  ,  ,,A 

32  Aj  L  (1  +  3,2) 


(1  +  3) 


^12^1 


] 


(300) 


Equation  300  expressei  the  shape  modulus  F32  in  terms  of  two  shape  moduli 
which  can  be  obtained  directly  from  graphical  information  available  in  NACA 
TN  2836  (Reference  22). 

As  a  second  example,  consider  finding  F24  for  diagram  3.  Applying 
the  same  technique  as  for  the  first  example  yields 


^14 '*^(1+3,  2  +  4)  "  *^12  ■  ^34  ■  ^32 


(301) 


Now,  if  all  surfaces  have  uniform  emittance,  Yamauti's  modified  reciprocity 
theorem  can  be  applied,  yielding 


^14  “  ^32  “  "^23  “  *^41 


(302) 


Substituting  Equation  302  into  Equation  301  and  combining  terms, 


^14  “  2  [^(1  +  3,  2  +  4)  "  *^12  "  *^34] 


(303) 


Equation  297  is  now  substituted  into  Equation  303.  The  resulting  equation  is 
solved  for  This  operation  gives 


^14  "  2  “^1  _^(1  +  3,  2  +  4)‘^(1  +  3)  "  ^12^1  '  ^34'^3_ 


(304) 


Equation  304  is  a  relation  for  Fj^^  in  terms  of  configuration  factors  which  can 
be  evaluated  graphically. 

A  similar  procedure  can  be  used  to  derive  the  configuration  factor  for 
almost  any  configuration  in  terms  of  configuration  factors  which  can  be 
evaluated  directly.  A  number  of  the  more  common  cases  are  summarized  in 
Figure  76,  which  was  obtained  from  Reference  26  (Table  38). 

Finite  Configuration  Factor  Conversion 

An  important  technique  for  the  evaluation  of  finite -finite  configuration 
factors  is  called  the  area  weighted  method.  Briefly,  the  finite -finite 
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configuration  factor  can  be  obtained  fxom  a  knowledge  of  the  differential" 
finite  configuration  factor  at  every  point  or,  as  in  this  method,  at  certain 
well  chosen  intervals. 


Recalling  the  bade  equation  for  a  finite-finite  configuration  factor, 


"^1  L.  L. 


cos  B  j  cos  6>2 


dA^dA^ 


(305) 


If  Aj  is  relatively  small,  the  kernel  (cos  ^2  cos^^/S  )  of  this  integral  of 
the  above  equation  is  effectively  independent  of  dAj  or  essentially  constant  and 
can  be  removed  from  the  integral  when  integrating  over  A^.  Thus 


■m)j 


(4Aj  -  A^) 


CO80J  C0B^2 


dA.. 


(306) 


which  is  the  same  as 


AA, 


(AA, 


A^) 


(dA^  -  A^) 


(307) 


The  quantity  AAj  is  a  smaller  finite  area  that  forms  some  part  of  the 
larger  area  Aj.  The  configuration  factor  taiken  from  the  center 

of  AAI,  to  the  whole  of  A2.  By  summing  up  terms  such  as  given  in  Equation 
30  7,  the  total  shape  modtilus  F12  i®  obtained. 


12 


(dA^  -  A^) 


(308) 
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CONFIGURATION  FACTOR  DEVELOPMENT 


IBM  7090  PROGRAM  (GEOMETRIC  CONFIGURATION  FACTORS) 

An  IBM  7090  program  (Reference  27)  which  calculates  geometric 
configuration  factors  is  now  in  final  preparation.  The  program  is  limited  to 
the  calculation  of  the  geometric  configuration  factor  between  two  planes  which 
must  be  parallelograms,  including  the  special  cases  of  squares,  rectangles, 
and  rhombi. 

The  method  of  calculation  is  a  numerical  approximation  of  the  integral 
form  of  the  configuration  factor  equation  from  a  plane  in  space  to  any  other 
plane.  Under  control  of  certain  input  data  the  two  planes  are  divided  into  a 
number  of  incremental  areas.  The  expression  for  the  configuration  factor 
from  an  incremental  area  in  plane  1  to  another  in  plane  2  is 


^(dApAA^) 


cos  e  ,  cos  ^  ,  AA, 

i  U  iL 

2 

n  r 


(309) 


where 

Q  =  Angle  between  the  normal  to  plane  1  and  line  connecting  center 
points  of  two  incremental  areas 

6 ^  -  Same  angle  for  plauie  2 
AA^  =  Incremental  area  in  plane  2 

r  =  Length  of  line  connecting  center  points  of  two  incremental  areas 

This  calculation  is  repeated  for  all  the  incremental  areas  in  plane  2, 
and  the  summation  of  these  is  the  configuration  factor  from  the  incremental 
area  AAj  to  the  total  second  area.  (Note  that  the  calculated  individual 
F(dAi-AA2)  the  form  of  a  differential  area  to  finite  area  configuration 

factor.  This  is  calculated  from  the  midpoint  of  AAj,  and  is  assumeci  to  be 
the  average  over  AAj.  ) 

The  foregoing  process  is  then  repeated  for  each  incremental  area  in 
plane  1.  An  integrated  average  of  the  configuration  factors  from  all  the 
AAi  to  is  equivalent  to  the  configuration  factor  from  plane  1  to  plane  2. 
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UNIT  SPHERE  METHOD  (DIFFERENTIAL-FINITE  CONFIGURATION  FACTOR) 


An  extremely  useful  method  for  the  development  of  the  differential - 
finite  configuration  factor  is  known  as  the  unit  sphere  or  solid  angle 
projection  method.  This  is  discussed  in  some  detail  in  Reference  26 
(p  294-298). 

Briefly,  it  can  be  stated  that  the  configuration  factor  from  dA^  to  A^, 
in  Figure  77  can  be  obtained  as  follows: 

1.  A  hemisphere  is  drawn  over  dA^  of  radius  R. 

2.  The  area  A^'  cut  on  the  spherical  surface  by  the  solid  angle  from 
dA^  to  A^  is  obtained  by  central  projection. 

3.  The  projected  area  A-'  must  then  be  projected  once  more  by 
normal  projection  to  the  plane  of  the  radiating  surface  dA^.  The 
area  of  the  second  projection  is  A^"  in  Figure  77. 

4.  The  configuration  factor  given  by  the  ratio  of  A^"  to 

the  area  of  the  circle.  Thus, 


A  •' 

^(dAj-A^)"  ^^2  (310) 

It  can  be  seen  that  A2  need  not  be  a  plane  surface  as  long  as  the 
perimeter  of  the  surface  is  defined  (i.  e.  ,  A^  could  easily  have  been  concave 

or  convex  and  the  sanrie  value  of  F,  ,  .  ,  .  would  have  been  obtained). 

(dAi-A2) 

To  determine  the  configuration  factor  from  a  finite  surface  Aj  to  a 
finite  surface  A21  the  surface  Aj  must  be  divided  into  small  areas  of  equal 
size  and  the  unit  sphere  method  must  be  used  for  the  centers  of  every  one  of 
these  areas.  The  average  of  these  is  the  finite -finite  configuration  factor  F22- 

The  unit  sphere  method  is  often  useful  when  the  other  methods  of  con¬ 
figuration  factor  analysis  cannot  be  readily  used.  However,  it  is  a  somewhat 
tedious  method.  There  are  several  ways  in  which  to  attack  the  problem: 

1.  Descriptive  geometry.  This  is  essentially  a  "brute  force,  "  hand 
calculation  method,  which  employs  ordinary  descriptive  geometry 
techniques. 

2.  Mechanical  integrators.  Several  mechanical  integrators  have  been 
built  based  on  the  unit  sphere  method  (References  22  and  29  through 
32).  These  usually  require  the  use  of  models  because  they  are 
employed  by  tracing  the  outline  of  the  shape  under  consideration. 
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3.  Photography.  Considerable  work  has  been  done  at  the  University  of 
California  at  Los  Angeles  and  elsewhere,  based  on  a  point  source 
light  being  placed  in  the  center  of  a  milk-glass  hemisphere.  A 
model  of  the  area  A^  is  then  placed  inside  the  hemisphere  in  the 
proper  position  with  respect  to  the  point  source  dAj.  It  is 
projected  by  the  point  source  lamp  as  a  shadow  to  the  milk -glass 
hemisphere.  When  this  hemisphere  is  photographed  from  a 
considerable  distance,  the  ratio  of  the  shadow  of  the  model  area 
to  the  area  of  the  circle  representing  the  glass  sphere  is  the 
configuration  factor  (Reference  28,  p  214-215). 
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DISCUSSION  OF  ASSUMPTIONS 


When  configuration  factors  are  determined,  the  basic  assumption  is 
made  that  the  thermal  radiation  involving  these  configuration  factors  exists 
in  diffuse  form.  The  complications  produced  by  an  attempted  analysis  of  a 
partly  diffuse,  partly  specular  radiation  problem  are  so  great  that  a 
satisfactory  method  of  analysis  for  this  condition  has  not  yet  been  devised. 


Section  VIII 


EVALUATION  STUDIES 


This  section  of  the  report  is  concerned  with  the  variables  which 
influence  satellite  shell  temperature  and  their  effect  on  the  cyclic 
temperature  during  each  orbit  revolution.  Each  parameter  is  independently 
varied  by  choosing  various  values  within  a  realistic  range  of  values.  The 
evaluation  studies  point  out  the  thermal  problems  associated  with  space 
vehicles  and  demonstrate  the  necessity  for  a  large  amount  of  analytical 
thermal  prediction  work  required  during  design  of  a  space  vehicle. 

These  evaluation  studies  were  completed  through  use  of  the  IBM  7090 
program,  "Program  for  Determining  Temperatures  of  Orbiting  Space 
Vehicles"  (Reference  33).  This  program  is  also  discussed  in  Section  V  of 
this  report. 

NOMENCLATURE 

a  Earth  albedo 

e  Eccentricity 

h  Orbital  height,  mi 

i  Inclination,  deg 

Q  Internal  heat  load,  watt/sq  ft  of  surface  area 

S  Solar  constant,  Btu/(hr)(sq  ft) 

“  Absorptivity 

a/e  Ratio  of  absorptivity  to  emissivity 

^  Emissivity 

6>  Mass,  Ib/sq  ft  of  surface  area 

VARIABLES  SELECTED 

The  variables  that  were  considered  are  those  listed  in  Table  6.  Simple 
configurations  are  used  in  evaluating  the  effects  of  the  variables  on  the  cyclic 
surface  temperature  and  include  a  rotating  sphere,  an  earth-oriented  flat 
plate,  an  inertially  oriented  flat  plate,  and  an  eight-sided,  earth-oriented 
prism. 
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Table  6.  Study  Variables  for  Rotating  Sphere 


Variable 

Unit 

. 

Variation 

Orbital  height 

Distance  from  planet, 
miles 

150  to  2000 

Orbital  plane 

Inclination  from  plane  of 
ecliptic,  degrees 

0  to  80 

Surface  finish 

Ratio  of  solar  absorptivity 
to  emissivity 

0.  1  to  20. 0 

Internal  heat 
load 

Watts  per  square  foot  of 
surface  area 

1 . 0  to  20. 0 

Mass 

Pounds  per  square  foot  of 
surface  area 

0.  25  to  10.0 

Solar  Constant 

Near  earth  solar  constant, 
Btu/{hour)(square  foot) 

433  to  453 

Albedo 

Earth's  albedo 

0.  2  to  0.  8 

ROTATING  SPHERE  EVALUATION 
Variation  of  Orbital  Height 

The  cyclic  variation  in  temperature  for  a  rotating  sphere  is  shown  in 
Figure  78  as  a  function  of  orbital  height.  The  orbital  height  in  miles  was 
varied  from  150  to  2000  miles.  The  fixed  parameters  for  the  sphere  were 
as  follows; 


Absorptivity  a 
Emissivity  e 
Mass  <t) 

Earth  albedo  a 
Solar  constant  S 
Orbital  Inclination  i 


0.7 

0.5 


1.5  lb  /  sq  ft 
0.35 

443  Btu/(hr)(sq  ft) 
33.0  deg 


The  results  point  out  the  influence  of  increasing  height  on  increasing 
percentage  of  time  in  sunlight  and  the  influence  of  decreasing  earth-emitted 
and  solar -reflected  energy  with  increasing  height.  The  maximum 
temperatures  for  the  150-  and  500-mile  height  are  similar  while  the 
maximum  temperature  for  the  250-mile  orbit  is  higher,  and  the  peak 
temperatures  for  the  1000-  and  2000-mile  orbits  are  lower.  Due  to  the 
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Figure  78.  Variation  of  Orbital  Height  for  Rotating  Sphere 


choice  of  fixed  parameters,  the  time  in  direct  sunlight  is  being  opposed  by 
the  reduction  in  energy  from  the  earth  as  the  height  increases. 

The  orbital  period,  percent  of  time  in  sunlight,  and  earth  emitted  form 
factor  are  listed  in  Table  7  for  the  various  orbits. 


Table  7,  Variation  of  Orbital  Height  for  Rotating  Sphere 


Orbital  Height 
(mi) 

Orbital  Period 
(min) 

Sun  time 
(percent) 

Earth -Emitted 
Form  Factor 

150 

88.89 

57 

0.37 

250 

92.  17 

58 

0.  33 

500 

100. 52 

61 

0.  27 

1000 

117.92 

72 

0.  199 

2000 

155.4 

100 

0.  127 

Variation  of  Orbital  Plane 


Using  the  same  parameters  as  for  the  orbital  height  study  and  holding 
the  orbital  height  at  E50  miles,  the  effect  of  orbital  plane  on  cyclic  tempera¬ 
ture  variation  was  investigated.  As  shown  in  Figure  79  the  inclination  of  the 
plane  of  the  orbit  to  the  plane  of  the  ecliptic  was  varied  from  0  to  80  degrees. 
Also,  the  year  day  from  1  January  1961  was  chosen  from  the  data  in  Figures 
80  through  84  to  give  the  maximum  sun  time  for  each  orbit  plane. 

The  results  are  as  expected.  The  increase  in  sun  time  with  increasing 
orbit  plane  raises  the  mean  temperature  and  reaches  a  maximum  when  the 
vehicle  is  in  the  sun  100  percent  of  the  time.  The  effect  of  launch  day  can  be 
determined  through  comparison  of  the  curve  for  250  miles  (Figure  78)  com¬ 
pared  with  the  curve  for  33  degrees  (Figure  79),  because  all  parameters  are 
the  same  except  the  year  day. 

Variation  of  Surface  Finish 


A  primary  consideration  in  any  space  vehicle  temperature  control 
system  is  the  external  surface  finish.  The  amount  of  radiant  energy  re¬ 
ceived  and  the  amount  of  heat  radiated  to  space  are  direct  functions  of  the 
external  condition  of  the  surface.  For  some  space  vehicles,  where  the 
internal  heat  loads  are  low  and  the  equipment  temperature  tolerance  fairly 
broad,  complete  control  can  be  attained  by  the  selection  of  the  proper 
emissivity  and  solar  absorptivity  combination. 


-226- 


Figure  79.  Variation  of  Orbital  Inclination  for  Rotating  Sphere 


In  the  parametric  study  described  here,  the  cyclic  temperature 
variation  was  calculated  for  various  combinations  of  absorptivity  a  and 
emissivity  <,  with  no  association  given  to  specific  materials  or  coatings. 
(Unfortunately,  although  there  are  several  coatings  that  have  desirable 
thermal  characteristics,  these  materials  do  not  appear  too  practical  for 
space  application.)  The  same  fixed  parameters  for  the  sphere  were  used. 

The  results  of  the  study  are  shown  in  Figures  80  through  82.  In  each 
plot,  solar  absorptivity  was  held  constant  but  emissivity  varied  over  a  wide 
range.  To  point  out  some  of  the  trends,  it  is  helpful  to  look  at  Table  8  where 
the  a/c  ratio  is  tabulated  along  with  the  maximum  and  minimum  temperatures. 


Table  8.  Variation  of  Surface  Finish  for  Rotating  Sphere 


Solar 

Absorptivity 

«/< 

Ratio 

Temperature  (F) 

Maximum 

Minimum 

0.  1 

0.1 

-81 

-96 

0.  1 

0. 125 

-75 

-91 

0.1 

0.20 

-59 

-75 

0.  1 

0.33 

-33 

-50 

0.3 

0.375 

-14 

-60 

0.5 

0.5 

13 

-58 

0.5 

0.72 

42 

-32 

0.  1 

l.O 

53 

36 

0.5 

1.0 

74 

-2 

l.O 

1.0 

93 

-38 

1.0 

1.11 

104 

-28 

1.0 

1.25 

117 

-15 

0.7 

1.40 

120 

18 

l.O 

1.43 

133 

-4 

0.5 

1.66 

130 

52 

0.  1 

2.0 

126 

109 

0.5 

5.0 

285 

206 

0.5 

10.0 

399 

324 

1.0 

20.0 

576 

434 

As  the  a/<  ratio  increases,  the  mean  temperature  increases.  Also, 
at  a  ratio  of  1.0  for  various  values  of  solar  absorptivity,  the  temperature 
spread  (between  maximum  and  minimum)  decreases  with  decrease  in  solar 
absorptivity.  This  is  due  to  the  mass  of  the  surface,  where  at  low-energy 
transfer  the  storage  term  is  more  dominant  than  at  high-energy  transfer 
associated  with  high  solar  absorptivity.  For  the  particular  sphere  used 
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in  these  studies  with  absorptivity  of  0,  7  and  emiasivity  of  0,  5,  the  maximum 
and  minimum  temperatures  of  120  F  and  18  F,  respectively,  would  be  quite 
tolerable  for  most  equipment. 

Variation  of  Mass 


The  cyclic  temperature  variation  of  a  space  vehicle  surface  is  a 
function  of  the  mass  of  that  surface.  As  shown  in  Figui'e  83,  the  mass  for 
the  rotating  sphere  was  varied  from  0,25  to  10  pounds  per  square  foot.  The 
same  fixed  parameters  were  used. 

The  results  point  out,  as  expected,  that  as  the  mass  of  the  surface 
increases  the  temperature  excursion  is  decreased.  Also,  as  the  mass  is 
Increased,  the  calculated  mean  temperature  Increases  to  the  limiting 
temperature,  which  for  any  mass  is  a  function  of  the  fourth  root  of  the  average 
of  the  temperature  extremes  to  the  fourth  power.  In  Table  9,  the  calculated 
mean  temperature  and  the  maximum  and  minimum  temperatures  are 
tabulated. 


Table  9.  Variation  of  Mass  for  Rotating  Sphere 


Mass 
(lb/ sq  ft) 

Temperature  (F) 

4  - - — 

Mean 

Maximum 

Minimum 

. /t  +  T 

\l  max  min 

^  2 

0.25 

44 

154 

-96 

75* 

0.75 

62 

139 

-31 

75* 

1.5 

67 

118 

14 

75* 

3.0 

71 

100 

44 

75* 

10.0 

72 

84 

67 

75* 

For  any  given  orbit  revolution,  the  energy  input  must  equal  the  energy 
loss  and,  therefore,  the  total  radiative  power  loss  or  input  must  be  a  con¬ 
stant,  regardless  of  the  mass  of  this  particular  vehicle.  However,  the  mass 
regulates  the  thermal  lag  of  the  surface  and  determines  the  cyclic  tempera¬ 
ture  excursion  between  the  limits  of  equilibrium  temperature  with  no  mass 
and  the  limiting  equilibrium  temperature  with  a  very  large  mass. 


Variation  of  Internal  Heat  Load 


The  cyclic  variation  in  temperature  for  a  rotating  sphere  is  shown  in 
Figure  84  as  a  function  of  internal  heat  load,  with  the  same  fixed  parameters 
assumed.  The  internal  heat  load  was  varied  from  1.0  to  ZO  watts  per  square 
foot.  The  results  indicate,  as  expected,  that  the  outer  shell  temperature 
increases  as  the  internal  heat  load  increases.  The  results  at  1.0  watt  per 
square  foot  show  a  maximum  temperature  of  125  F  and  a  minimum  tempera¬ 
ture  of  22  F.  For  the  case  with  an  internal  heat  load  of  20  watts  per  square 
foot,  the  maximum  temperature  increases  to  212  F  and  the  minimum 
temperature  is  121  F. 

Variation  of  Earth  Albedo 


In  the  calculation  of  the  cyclic  temperatxire  variation  of  a  satellite  in 
orbit,  it  is  necessary  to  know  the  planet's  albedo  to  properly  account  for  the 
planet  emission  and  reflected  solar  energy.  As  discussed  in  Section  IV  on  the 
space  thermal  environment,  the  earth  albedo  varies  because  of  the  planet's 
surface,  scattering  by  clouds  and  dust  in  the  atmosphere,  and  molecular 
scattering  by  the  atmospheric  gases. 

To  determine  the  effect  of  various  values  of  the  earth's  albedo  on  the 
cyclic  temperature  variation,  an  analysis  was  made  on  the  rotating  sphere. 
Four  values  of  the  earth  albedo  a  were  chosen:  0.2,  0,35,  0.5  and  0.8,  For 
each  value,  various  values  of  the  a/f  ratio  were  chosen  for  each  satellite. 

The  results  of  the  analysis  for  earth  albedos  of  0,2,  0.5,  and  0.8  are 
shown  in  Figures  85  through  87,  with  the  same  fixed  parameters  assumed, 

A  summary  of  the  results  is  shown  in  Table  10,  where  the  maximum 
and  minimum  temperatures  are  tabulated  for  the  various  ratios  of  a/e  ,  As 
the  earth  albedo  is  increased,  the  reflected  solar  energy  from  the  earth  that 
is  incident  on  the  vehicle  is  increased;  however,  the  earth's  emitted  energy 
incident  on  the  vehicle  is  decreased  because  the  effective  earth  temperature 
is  decreased.  The  maximum  temperature  is  shown  to  increase,  while  the 
minimum  temperature  decreases  for  an  increase  in  albedo.  Also,  the 
magnitude  of  the  change  increases  with  increase  in  a/f  ratio. 

Variation  of  Solar  Constant 


To  determine  the  effect  on  the  cyclic  temperature  variation  of  changes 
in  the  solar  constant,  an  analysis  was  made  using  433,  443,  and  453 
Btu/(hour)(square  foot)  as  values  for  the  solar  constant.  For  each  value, 
various  values  of  the  a/e  ratio  were  chosen  for  each  satellite.  The  same 
fixed  parameters  were  used  as  in  the  previous  runs. 


Table  10.  Variation  of  Earth  Albedo  for  Rotating  Sphere 


126  50  130  52  134 


The  results  of  the  analysis  for  433  and  453  Btu /(hour) (square  foot) 
are  shown  in  Figures  88  and  89.  A  summary  of  the  results  is  shown  in 
Table  11,  where  the  maximum  and  minimum  temperatures  are  tabulated  for 
the  various  ratios  of  a/<  .  As  expected,  the  cyclic  temperature  level  is 
increased  as  the  value  of  the  solar  constant  is  increased.  The  magnitude  of 
the  increase,  for  the  set  of  conditions  assumed  for  the  sphere,  appears  to  be 
approximately  0.  4  to  0.  9  percent  in  temperature  level  for  a  Z.  0  percent 
change  in  solar  constant. 

COMPARISON  OF  ROTATING  SPHERE  AND  FEAT  PLATE 


The  cyclic  variation  in  shell  temperature  for  a  rotating  sphere  was 
compared  with  inertially  oriented  and  earth-oriented  flat  plates,  as  shown 


in  Figure  90.  The  following  parameters 

Absorptivity  a 
Emissivity  t 
Mass  oj 
Earth  albedo  a 
Solar  constant  S 
Orbital  inclination  i 
Orbital  height  h 
Internal  heat  load  Q 


were  used  for  the  three  surfaces: 

0.7 

0.5 

1.7  Ib/sq  ft 
0.  35 

443  Btu/(hr)(sq  ft) 

33.0  deg 
250  mi 
0 


Also,  the  back  faces  of  the  flat  plates  were  assumed  to  be  perfectly  insulated. 

The  earth-oriented  flat  plate  shows  a  slight  increase  in  temperature  at 
20  and  170  degrees.  This  is  due  to  the  plate's  receiving  direct  solar  energy 
for  a  short  time,  just  after  passing  the  terminator  and  before  going  into  the 
earth's  shadow,  and  again  when  leaving  the  earth's  shadow  just  before 
passing  over  the  terminator.  The  temperature  level,  in  general,  is  higher 
than  that  of  the  inertially  oriented  plate  because  the  geometric  form  factor 
for  the  earth -emitted  energy  is  constant  at  approximately  0.88  for  the  earth- 
oriented  plate.  The  form  factor  for  the  inertially  oriented  plate  varies  from 
0  at  20  degrees  to  0.88  at  185  degrees,  where  the  surface  is  facing  the  earth 
and  parallel  to  the  orbit  path,  and  then  decreases  to  0  again  at  335  degrees. 
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Figure  88.  Variation  of  Absorptivity-to-Emissivity  Ratio  for  Rotating  Sphe 
[Solar  Constant  433  Btu/{Hour){Square  Foot)] 


Variation  of  Absorptivity-to-Emissivity  Ratio  for  Rotating 
[Solar  Constant  453  Btu/(Hour){Square  Foot)] 


120 
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CYCLIC  TEMPERATURE  VARIATION  OF  EIGHT -SIDED  PRISM 


A  space  vehicle  configuration!  consisting  of  an  eight-sided  prism  with 
two  ends,  was  considered  in  order  to  study  the  effects  of  cyclic  temperature 
variation  of  the  various  sides.  The  vehicle  was  assumed  to  be  earth -oriented 
so  that  the  vehicle  axis  was  on  the  orbital  path.  A  retrograde  orbit  of  96.6- 
degree  inclination  was  used  in  conjunction  with  an  orbital  height  of  2Z5  miles. 
The  orientation  of  the  vehicle  surfaces  in  relationship  to  the  earth  auid  sun 
is  shown  in  Figure  91.  The  bottom  surfaces  are  1,  4,  and  10,  and  the  top 
surfaces  are  6,  2,  and  8;  the  sides  are  5  and  9,  and  the  ends  are  3  forward 
and  7  aft.  The  fixed  parameters  used  for  the  prism  were  as  follows: 


Absorptivity  a 
Emissivity  < 
Mass  Cl) 

Earth  albedo  a 
Solar  constant  S 


0.  7 

0.  6 


0.  5  Ib/sq  ft 
0.  35 

443  Btu/(hr){sq  ft) 


The  cyclic  temperature  variation  for  each  surface  is  shown  in 
Figure  92.  To  summarize  the  results  and  to  point  out  the  effects  of  changing 
the  surface  characteristics  and  increasing  the  mass  of  the  individual 
surfaces,  the  maximum  and  minimum  temperatures  are  tabulated  in 
Table  12.  The  mass  of  the  surfaces  for  the  second  case  was  1.  5  pounds  per 
square  foot. 


Table  12.  Maximum  and  Minimum  Temperatures  for  Eight-Sided  Prism 


Surface  Finish 

Temperature  (F) 

Surface  Finish 

Temperature  (F) 

Surface 

a 

( 

Min 

Max 

a 

f 

Min 

Max 

Bottom 

1 

0.  7 

0.  5 

160 

-17 

0.  4 

0.  3 

101 

37 

4 

0.  7 

0.  5 

116 

-48 

0.  8 

0.  35 

118 

23 

10 

0.  7 

0.  5 

116 

-48 

0.  8 

0.  35 

119 

25 

Top 

2 

0.  7 

0.  5 

315 

-249 

0.  1 

0.  1 

106 

47 

6 

0.  7 

0.  5 

253 

-227 

0.  1 

0.  075 

96 

52 

8 

0.  7 

0.  5 

258 

-226 

0.  1 

0.  075 

101 

57 

Sides 

5 

0.  7 

0.  5 

8 

-123 

0.  8 

0.  15 

99 

51 

9 

0.  7 

0.  5 

22 

-123 

0.  8 

0.  20 

89 

34 

Ends 

3 

0.  7 

0.  5 

323 

-123 

0.  1 

0.  1 

89 

39 

7 

0.  7 

0.  5 

323 

-122 

0,  1 

0.  1 

101 

47 

LINE  FROM  CENTER  OF  EARTH 
TO  CENTER  OF  VEHICLE 


The  effect  of  mass  in  reducing  the  temperature  spread  between 
maximum  and  minimum  temperatures  is  shown  by  surface  1  (the  bottom 
surface  which  always  faces  the  earth)  when  compared  with  the  earth-oriented 
flat  plate  in  Figure  90.  For  the  case  with  extremely  small  surface  mass, 
surface  1  reaches  the  shadow  side  equilibrium  temperature  of  -17  F.  When 
the  mass  is  increased  to  1,  5  pounds  per  square  foot  and  absorptivity  and 
emissivity  are  changed  to  0.4  and  0.  3,  respectively,  the  maximum  and 
minimum  temperatures  are  101  and  37  F.  With  the  proper  choice  of  surface 
finish  and  a  reasonable  structural  tnass,  these  particular  vehicle  surfaces 
can  be  maintained  within  reasonable  temperature  limits. 

DISCUSSION  OF  ASSUMPTIONS 

1.  It  is  assumed  in  this  analysis  that  the  earth  can  be  represented  gravita¬ 
tionally  by  the  zero-order  and  second-order  spherical  harmonics  of  its 
potential.  The  presence  of  harmonics  in  the  earth's  gravitational  potential 
causes  periodic  and  secular  variations  in  several  of  the  orbital  elements. 
Only  the  secular  perturbations  which  result  in  regression  of  the  nodes 
and  advance  of  the  perigee  position  are  considered  in  the  analysis.  Other 
periodic  changes  have  negligible  effect  upon  the  shadow  intersection 

pr  oblem. 

2.  A  rigorous  specification  of  the  position  at  which  the  satellite  enters  and 
exits  the  earth's  true  shadow  leads  to  needlessly  complicated  expressions. 
For  this  reason  the  following  simplifications  concerning  shadow  geometry 
are  assumed: 

a.  The  earth  is  spherical  with  its  radius  equal  to  3960  statute  miles. 

b.  The  earth's  shadow  is  cylindrical  and  umbral  (sun  at  infinity). 

c.  Penumbral  effects  are  ignored. 

The  error  involved  is  extremely  small  even  when  large  orbits  are  con¬ 
sidered.  For  instance,  a  satellite  in  a  circular  orbit  with  an  altitude  of 
10,000  miles  has  an  orbit  period  of  approximately  560  minutes,  with 
perhaps  50  minutes  spent  in  earth  shadow  (depending  on  orbit  orientation). 
By  assuming  a  cylindrical  earth,  shadow  and  ignoring  penumbral  effects, 
the  analysis  uses  an  umbral  shadow  time  that  is  about  50  seconds  longer 
than  the  true  umbral  shadow  time.  This  is  a  negligible  error.  For  a 
1000-mile-altitude  circular  orbit,  the  negligible  error  is  approximately 
18  seconds  in  an  orbit  period  of  118  minutes.  Additionally,  it  should  be 
mentioned  that  the  assumption  of  no  penumbral  effects  tends  to  lessen  the 
above  errors  introduced  by  the  assumption  of  cylindrical  umbral  shadow, 
so  that  there  is  almost  zero  error  from  a  thermal  analysis  standpoint. 

3.  It  is  assumed  that  all  thermal  radiation  considered  in  the  analysis, 
except  solar  radiation,  is  in  diffuse  form.  Fortunately  most  thermal 
radiation  is  in  diffuse  form,  which  is  relatively  simple  to  analyze  when 
compared  with  specular  radiation. 
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4.  It  is  assumed  that  direct  solai  radiation  impinges  upon  the  earth  and 
upon  the  satellite  with  parallel  rays,  due  to  the  great  distance  between 
the  sun  and  its  planets.  Almost  zero  error  is  introduced  into  the  analysis 
by  the  assumption. 

5.  In  all  cases,  it  is  assumed  that  the  earth  emits  as  a  black  body  and 
is  in  a  state  of  thermal  equilibrium  {i.  e.  ,  the  planetary  emitted 
energy  is  equal  to  the  absorbed  solar  energy).  It  is  also  assumed 
that  the  earth  emission  is  a  constant  at  any  point  on  its  surface 
and  does  not  vary  from  day  to  night.  These  are  reasonable 
assumptions  because  little  is  known  of  the  actual  spectral  and 
local  variations  in  the  planetary  emitted  radiation. 

6.  The  earth  reflected  solar  radiation  is  assumed  to  follow  the  cosine 
law  (i.  e.  ,  it  is  a  maximum  at  the  subsolar  point  and  decreases  to 
zero  at  the  terminator).  This  assumption  greatly  simplifies  the 
analysis  and  is  quite  accurate  except  in  the  region  of  the 
terminator,  where  a  slight  error  is  introduced. 

7.  In  all  cases,  the  planetary  albedo  is  assumed  to  be  constant  over 
the  surface  of  the  planet,  and  the  planet  is  assumed  to  be  a  diffuse 
reflector.  This  is  done  because  of  the  complications  of  the 
problem  and  because  local  variations  are  almost  impossible  to 
define. 

8.  In  all  cases,  conduction  and  convection  between  the  satellite  and 
its  surroundings  are  neglected.  This  is  reasonable  because  orbital 
heights  are  usually  too  far  above  the  atmosphere  for  these  types  of 
thermal  effects  to  appear. 

9.  It  is  assumed  that  the  absorptivity  of  the  vehicle  surface  to 
planetary  thermal  emission  is  equal  to  the  emissivity  of  the  vehicle 
surface.  Since  the  effective  temperature  of  the  earth  and  the 
temperatures  of  most  vehicle  surfaces  are  nearly  the  same,  this 
assumption  is  validated  by  Kirchhoff  s  law. 

10.  Any  scattering  effects  of  direct  solar  radiation  upon  the  satellite 
due  to  the  earth's  atmosphere  are  ignored.  It  is  felt  that  this  will 
introduce  a  negligible  error  into  the  analysis. 

11.  The  geometrical  configuration  factor  from  the  spherical  satellite 
to  earth  was  calculated  with  the  assumption  that  the  satellite  is  a 
point  source  in  space.  The  assumption  is  valid  if  the  satellite  is 
uniform  in  temperature,  which  it  would  be  if  spinning  or  if  its  shell 
had  a  very  high  thermal  conductivity. 


Section  IX 


CONCLUSIONS 


ANALYSIS  TECHNIQUES 

This  report  has  reviewed  the  basic  principles  of  thermal  radiation  and 
has  presented  several  available  methods  of  radiation  heat  transfer  analysis, 
with  emphasis  upon  the  situation  encountered  by  a  vehicle  in  space. 

An  IBM  7090  program  has  bean  written  (Section  V)  with  which  it  is 
possible  to  obtain  space  ’'■ehicle  shell  temperatures  and  the  incident  radiant 
energy  impinging  upon  the  vehicle  from  its  space  environment.  The 
significance  of  this  program  is  that  it  will  accurately  simulate  any  elliptical 
or  circular  orbit  into  which  a  satellite  may  be  placed. 

In  the  field  of  general  radiation  heat  transfer  analysis,  a  comparison 
has  been  made  befA^een  various  methods  of  analysis  in  which  the  accuracy^ 
and  versatility  of  the  radiosity  analog  network  method  is  pointed  out.  It  is 
hoped  that  a  more  widespread  use  of  this  relatively  new  technique  will  occur 
in  industry. 

One  of  the  most  difficult  area?  in  the  analysis  of  radiation  heat  transfer 
is  the  proper  calculation  of  the  geometric  configuration  factor.  A 
considerable  amount  of  tabulated  data  is  presented  in  this  report  (Section  VII  ), 
some  of  which  has  been  heretofore  unpublished.  Iii  conjunction  with  this 
report,  an  IBM  7090  program  (Reference  27)  has  been  written  which  will 
calculate  the  configuration  factor  between  two  plane  areas  in  any 
orientation  with  respect  to  each  other.  While  presently  limited  in  scope, 
this  program  has  promise  of  being  developed  into  an  extremely  valuable 
tool  for  the  heat  transfer  engineer. 

PROBLEM  AREAS 


Thermal  Analysis  of  Nondiffuse  Radiation 


A  problem  area  which  came  to  light  in  the  preparation  of  this  report 
and  which  needs  further  investigation  concerns  the  thermal  analysis  of 
nondiffuse  radiation.  Presently  used  methods  of  analysis  make  the  basic 
assumption  that  all  radiant  energy  is  diffuse,  whereas,  in  actuality,  radiant 
energy  usually  exists  in  partly  diffuse,  partly  specular  form.  Data 
pertaining  to  directional  emissive  properties  are  very  limited,  almost  not 
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available.  Fortunately,  the  majority  of  radiant  energy  does  exist  in 
essentially  diffuse  form,  so  that  presently  available  analytical  methods  arc 
usually  applicable.  There  are  many  occasions,  however,  when  this  is  not 
true,  and  the  engineer  is  forced  to  make  questionable  approximations. 


Calculation  of  Geometric  Configuration  Factors 

Another  problem  area  concerns  the  calculation  of  geometric 
configuration  factors,  an  essential  part  of  radiation  heat  transfer  analysis. 
This  is  probably  the  most  tedious  and  time  consuming  job  encountered  in  the 
analysis.  Although  much  work  has  been  done  in  this  area,  data  are  still 
limited.  For  other  than  simple  shapes,  numerical  or  mechanical 
integrators  mvist  be  utilized,  and  this  is  a  time  consuming  process.  As 
mentioned,  there  ic  hope  that  an  IBM  program  can  be  developed  to  aid  m 
this  area. 

Measurement  and  Presentation  of  Data 


The  accurate  thermal  analysis  of  space  vehicles  depends  heavily  on  the 
availability  of  accvirate  data  on  the  thermal  properties  of  materials, 
including  solids,  liquids,  and  gases.  These  properties  include  absorptivity, 
emissivity,  conductivity,  and  specific  heat,  and  they  should  be  known  for  the 
entire  temperature  range  of  interest  and  as  a  function  of  wave  length,  angle, 
and  pressure,  as  applicable.  Much  of  the  published  data  on  thermal 
properties,  however,  are  subject  to  serious  question;  handbook-type  data 
generally  represent  only  average  values  over  a  narrow  range  of  conditions. 
The  common  practice  of  not  differentiating  between  normal  and  hemispherical 
emissivity  can  lead  to  serious  errors  in  temperature  prediction. 

The  lack  of  accurate  information  on  thermal  properties  jeopardizes  the 
accuracy  of  thermal  analyses  and  probably  will  lead  to  in-flight  failures. 

With  the  multiplicity  of  data  collecting  and  publishing  agencies,  the 
inconsistencies  and  contradictions  between  published  data  on  the  same 
materials  creates  increasing  confusion.  So  it  is  concluded  that  standardized 
methods  of  measuring  and  presenting  data  on  the  thermal  properties  of 
materials  are  needed. 

Effects  of  Space  Environment  on  Space  Vehicles 

It  is  generally  accepted  that  space  vehicles  will  be  subjected  to 
deteriorating  influences  in  a  space  environment.  In  some  cases,  the 
magnitude  of  these  external  influences  is  known.  In  almost  every  case, 
however,  the  effect  of  these  influences  on  space  vehicle  materials  is  either 
incompletely  known  or  totally  unknown.  The  data  from  actual  satellites  are 
very  meager  and  are  being  accumulated  too  slowly  to  support  current  needs. 


-252- 


Although  the  accumulation  of  data  relative  to  the  effects  in  materials  of  some 
of  the  components  of  the  space  environment  is  progressing  on  many  fronts, 
the  present  lack  of  data  casts  doubt  on  the  current  designs  of  space  vehicles. 
One  factor  that  seems  to  be  receiving  little  experimental  attention  is  the 
effect  of  micrometeorite  erosion  on  the  absorptivity  and  emissivity  of 
surface  coatings.  The  short-term  effects  may  reasonably  be  neglected;  but 
for  long  durations,  the  deterioration  may  become  quite  pronounced. 
Comparative  data  on  absorptivity  and  emissivity  before  and  after  a 
multiplicity  of  simulated  micrometeorite  impacts  on  representative  coatings 
are  needed  as  a  guide  for  future  vehicle  designs. 

The  lack  of  accurate  and  complete  information  on  the  effects  of  the 
space  environment  on  the  absorptivity  and  emissivity  of  surface  coatings 
makes  the  design  of  passive  temperature  control  systems  very  questionable 
for  long-duration  vehicles.  To  compensate  for  unknown  variations,  it  may 
be  necessary  to  resort  to  semipassive  or  active  temperature  control 
systems. 

The  effect  of  the  low-pressure  environment  encountered  in  space  is 
known  to  cause  a  significant  increase  in  thermal  resistance  across 
structural  joints,  whether  they  be  bolted,  riveted,  or  spot-welded.  This 
thermal  resistance  is  almost  impossible  to  predict  accurately,  and  it  must 
be  eliminated  in  conduction  cooling  paths  and  other  thermally  significant 
structures.  At  the  present  time,  there  is  available  a  vacuum- resistant 
silicone  type  grease,  often  called  "space  grease,  "  which  seems  to  offer 
great  promise  in  reducing  contact  resistance  when  applied  to  a  structural 
joint.  There  are  other  materials,  such  as  aluminum  foil,  that  might  also 
prove  to  be  effective  upon  investigation.  Although  some  work  has  been  done 
in  this  area,  further  effort  is  needed. 
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Vol  4,  1958,  p  304-310. 

The  IGY  earth  satellite  program:  satellite-temperature  control  (summary 
of  paper  by  L.  Drummeter  and  M.  Schoch  presented  at  IGY  Rocket-Satellite 
Conference,  Washington,  D.  C.  ,  30  September  -  5  October  1957. 

ARS  Journal 


Vol  29,  May  1959,  p  358-361. 

Thermostatic  temperature  control  of  satellites  and  space  vehicles. 

R.  A.  Hanel. 

The  temperature  of  satellites  and  space  vehicles  varies  consid¬ 
erably  with  orbital  conditions.  To  achieve  greater  reliability  and 
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efficiency  in  long-life  instruments,  an  automatic  temperature 
control  is  highly  desirable;  a  radiation  thermostat  performing 
this  function  is  discussed.  The  suggested  method  regulates 
temperature  by  adjusting  the  effective  absorptivity  and  emis- 
sivity.  Bimetallic  strips  automatically  move  a  light  shield 
which  exposes  surfaces  with  high  and  low  absorptivity-to- 
emissivity  ratios.  No  internal  power  source  is  needed. 
Calculations  demonstrate  the  effectiveness  of  the  radiation 
thermostat.  The  temperature  of  the  satellite's  instruments 
can  be  kept  constant  within  a  few  degrees  of  the  design  value, 
regardless  of  orbital  conditions,  internally  dissipated  power, 
and  some  erosion  of  skin  coatings. 

Vol  30,  April  I960,  p  344-352. 

Thermal  control  of  the  Explorer  satellites.  G.  Heller. 

Thermal  control  of  the  Explorer  satellites  is  discussed.  The 
theoretical  studies  that  were  made  prior  to  the  launching  of  these 
satellites  are  described,  and  examples  of  relationships  are  pre¬ 
sented  in  graphs.  The  lower  limit  of  the  instrument  temperature 
w'as  0  C  (determined  by  the  efficiency  of  the  chemical  batteries). 
The  upper  limit  was  specified  as  65  C  (based  on  long-time 
temperature  limits  of  transistors  in  the  electronic  package). 

This  paper  relates  some  of  the  studies,  describes  the  measuring 
results  of  telemetered  temperatures,  and  evaluates  expected  and 
obtained  data. 

Vol  30,  May  I960,  p  479-484. 

Solar  heating  of  a  rotating  cylindrical  space  vehicle.  A.  Charnes  and 

S.  Raynor. 

Solar  heating  in  a  space  vehicle  idealized  as  a  thin-walled  circular 
cylinder  rotating  with  uniform  velocity  about  its  geometric  axis  is 
studied  for  a  situation  in  which  heat  transfer  by  convection  and 
heat  exchange  within  the  cylinder  is  negligible.  The  nonlinear 
problem  is  approximated  through  a  perturbation  analysis,  and 
detailed  estimates  are  made  of  the  parameters  of  interest  for 
various  ranges  of  speed  of  rotation.  An  estimate  of  the  error 
between  the  exact  and  perturbational  approach  is  made  in  the 
case  of  an  illustrative  example  which  might  be  expected  to  entail 
an  extreme  deviation. 
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Aitronautical  Sclencea,  Journal  of  the 


Vol  S|  Autumn- Winter  1958|  p  64. 

Temperature  equilibrea  in  space  vehicles.  R.  A.  Cornog. 

The  equilibrium  temperature  reached  within  a  space  vehicle 
moving  within  the  solar  system  is  discussed.  The  effects  of 
vehicle  configuration,  vehicle  attitude,  surface  properties  and 
internal  heat  release  are  ev^I'jeted.  Particular  attention  is 
given  to  methods  of  vehicle  design  whereby  the  range  of  equi¬ 
librium  temperatures  can  be  set  at  some  desired  value. 

Astronautics 


Vol  5,  April  I960,  p  40-41,  105-106. 

Thermal  protection  of  space  vehicles.  P.  E.  Glaser. 

The  near-steady  heating  conditions  encountered  in  long-term 
space  flight  have  sparked  development  of  integrated  systems 
designed  to  protect  the  vehicle  while  combining  maximum 
insulating  effectiveness  and  low  weight. 

Astronautics,  Journal  of 

Vol  3,  Spring  1956,  p  4-8,  26. 

Thermal  control  in  a  space  vehicle.  P.  E.  Sandroff  and  J.  S.  Prigge. 
Astrophysical  Journal 

Vol  131,  January  I960,  p  68-74. 

Use  of  the  equation  of  hydrostatic  equilibrium  in  determining  the  tempera 
ture  distribution  in  the  outer  solar  atmosphere.  S.  R.  Pottasch. 

The  purpose  of  this  paper  is  to  use  the  observed  variation  of 
electron  density  between  3000  kilometers  and  20  solar  radii  and, 
assuming  hydrostatic  equilibrium,  to  derive  a  distribution  of 
electron  temperature  in  this  region.  The  plausibility  of  the 
temperatures  derived  in  this  way  is  discussed. 

Vol  131,  March  I960,  p  459-469. 

Radiometric  observations  of  Mars.  W.  Sinton  and  J.  Strong. 

Aviation  Age 

Vol  30,  August  1958.  p  174-180. 

How  to  find  thermal  equilibrium  in  space.  R.  E.  Hess  and  A.  E.  Weller. 
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IRE  Tgansactlona  on  Military  Electronics 

Vol  Mil-4,  April- July  I960,  p  98-112. 

Problems  concerning  the  thermal  design  of  Explorer  satellites. 

G.  B.  Heller. 

The  thermal  design  of  the  Explorer  VII  satellite  is  described.  A 
thermal  testing  program  conducted  in  the  vacuum  chamber  with  a 
prototype  of  Explorer  Vn  is  deacribeil,  and  some  preliminary 
results  of  temperature  measurements  of  tl.ie  Explorer  VII  are 
given. 

Iron  Age 

Vol  182,  6  November  1958,  p  105-107. 

How  metals  help  control  satellite's  temperature.  F.  M.  Unterweiser. 

Case  histories  are  considered  concerning  two  small  Navy 
satellites.  The  problem  of  controlling  the  temperature  of  the 
satellite's  magnesium  shell,  which  was  subjected  to  periodic 
variations,  «ra8  solved  by  gold  plating  its  surface  and  covering 
it  with  an  evaporated  layer  of  silicon  monoxide.  This  coating 
was  then  overlaid  with  opaque  film  of  evaporated  aluminum  for 
high  reflectivity. 

Izvestiya  Akademii  Nauk  SSSR,  Seriya  Geofiziche  skaya 

Vol  4,  April  1957,  p  527-533. 

Temperature  regime  of  an  artificial  earth  satellite.  A.  G.  Karpenko  and 

M.  I.  Lidov. 

Jet  Propulsion 

Vol  27,  October  1957,  p  1079-1083. 

Skin  temperatures  of  a  satellite.  C.  M.  Schmidc  and  A.  J.  Hanawalt. 

The  need  for  a  workable  artificial  earth  satellite  has  been 
established  both  fcr  reconnaissance  and  as  a  prerequisite  for 
space  travel.  A.i  attendant  problem  in  the  design  of  such  a 
vehicle  is  the  control,  and  therefore  the  prediction,  of  tempera¬ 
tures  that  will  exist  in  flight.  Previous  papers  on  this  topic  have 
brought  out  many  salient  features  of  such  predictions,  but  have 
not  been  entirely  realistic.  The  present  paper  attempts  to 
improve  on  these  assumptions  and  gives  numerical  computations 
for  a  particular  configuration  considered  feasible  for  a  satellite 
design.  The  example  investigated  is  a  nonrotating  cylindrical 
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shell  with  one  end  point  earthweicd.  The  problem  of  analysis 
is  largely  one  of  geometry,  involving  spacewise  as  well  as 
timewise  variations  In  skin  temperature.  The  skin  tempera¬ 
tures  that  will  exist  are  very  dependent  on  the  properties  of 
the  surface,  particularly  emissivity  and  absorptivity,  large 
values  producing  the  widest  range  in  surface  temperatures. 

By  proper  choice  of  these  parameters,  this  range  can  be 
greatly  controlled.  In  particular,  the  mean  ttemperature  of 
the  satellite  skin  is  primarily  a  function  of  ol/e.  For  the 
specific  configuration  considered  herein,  nominal  limits  on  the 
skin  temperatures  are  -200  and  +400  F. 

Optical  Society  of  America,  Journal  of  the 

Vol  47,  1957,  p  261-267. 

Optical  problems  of  the  satellite.  R.  Tousey. 

Vol  49,  September  1959,  p  918-924. 

Temperature  stabilization  of  highly  reflecting  spherical  satellites. 

G.  Hass,  L.  F.  Drummeter,  Jr.  ,  and  M.  Schoch. 

Report  of  NRL  Progress 

May  1958,  p  1-7. 

Satellite  temperature  control.  L.  F.  Drummeter,  Jr.,  and  M.  Schoch. 

Science 


Vol  127,  11  April  1958,  p  811-812. 

Temperatures  of  a  close  earth  satellite  due  to  solar  and  terrestrial 
heating. 

See  Aero/Space  Engineering,  Vol  17,  No.  10,  October  1958,  p  104. 
SAE  Journal 


January  1959,  p  54-55. 

Water  and  ammonia  evaporators  show  promise  in  cooling  orbital  space 
vehicles.  J.  S.  Tupper. 

See  Aero/Space  Engineering,  Vol  18,  No.  5,  May  1959,  p  102. 
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Vl«ta8  in  Atftronautics 


Vol  1,  p  157-158. 

The  tetpperature  equilibrium  of  a  space  vehicle.  J.  E.  Navgle. 

The  equilibrium  temperature  of  a  space  vehicle  is  considered.  In 
space,  away  from  the  earth,  the  vehicle  will  come  into  radiative 
equilibrium  with  the  sun's  radiation.  The  skin  temperature  of  the 
vehicle  will  rise  until  the  amount  of  energy  radiated  by  the  vehicle 
is  equal  to  the  sum  of  the  energy  absorbed  from  the  sun  and  that 
produced  in  the  vehicle  itself.  The  absorbed  solar  energy  is  in  the 
visible  portion  o£  the  spectrum,  whereas  the  emitted  energy  ie  in 
the  far  infrared.  Equilibrium  temperatures  attainable  with  existing 
materials  are  too  high;  the  basic  problem  is  one  of  keeping  the 
vehicle  cool.  The  problem  of  interest  is  the  effect  of  the  envi- 
roranent  on  rhe  surface  of  such  vehicle.  Additional  research  is 
needed  both  as  to  i:he  nature  of  the  environment  to  be  encountered 
and  as  to  the  effect  of  this  environment  on  the  surface. 

Western  Machinery  and  Steel  World 

Vol  50,  October  1959,  p  72-74. 

Coatings  for  space  vehicles.  J.  ,L.  Snell. 

At  Jet  Propulsion  Laboratory,  California  Institute  of  Technology, 
ordinary  types  430  and  410  stainless  steels,  used  to  encase 
delicate  instrument  capsules,  were  made  to  have  thermal 
characteristics  not  yet  possible  in  metal  alone.  Discussed  aru  the 
techniques  for  temperature  control,  fabrication  of  the  final  assembly, 
and  application  of  special  process  coatings  of  Rokide  A  by  Cooper 
Development  Corporation,  Monrovia. 

REPORTS  AND  PAPERS 


Air  Force  Cambridge  Research  Center 
TN-58-633,  March  1959. 

The  temperature  of  an  object  above  the  earth's  atmosphere.  M.  H.  Seavey. 
(AD- 208,  863) 

The  equilibrium  temperature  of  an  object  above  the  earth's  atmos¬ 
phere  is  calculated  by  considering  the  thermal  radiation  balance 
for  the  object. 


American  Rocket  Society 


Preprint  383-56,  l'^56. 

Skin  temperatures  of  a  satellite.  C.  M.  Schmidt  and  J.  S.  Prigge. 
Army  Ballistic  Missile  Agency 
DV-TN-73-58,  1958. 

Thermal  problems  of  satellites.  G.  Heller. 

California  Institute  of  Technology 
EP-481 

Satellite  temperature  measurements  for  1958  Alpha  -  Explorer  I. 
External  Publication  514,  2  June  1958. 

Scientific  results  from  the  Explorer  satellites.  A.  R.  Hibbs. 

A  brief  history  of  Explorer  satellite  launchings  is  given,  together 
with  a  description  of  payload  instrumentation.  Results  of  experi¬ 
ments  made  in  the  areas  of  tempe*  itures  of  both  case  and  internal 
instrumentation,  micrometeorite  activity,  and  cosmic  ray 
intensity  are  summarized.  The  results  of  preliminary  analyses 
of  these  various  measurements  as  carried  out  by  the  responsible 
institutions  are  presented,  and  their  implications  for  future 
measurements  of  this  type  are  discussed. 

External  Publication  647,  7  May  1959. 

Temperature  control  in  the  Explorer  satellites  and  Pioneer  space 
probes.  E.  P.  Bulvalda  and  others. 

The  Jet  Propulsion  Laboratory  participated  in  v..  e  Explorer  and 
Juno  II  programs  in  the  areas  of  payload  design  and  method  of 
achieving  temperature  control.  This  publication  describes  the 
basic  theory  for  the  passive  temperature  control  of  satellites  and 
space  probes  and  the  application  of  this  process  to  the  Explorer 
and  Pioneer  III  and  IV  vehicles.  Some  results  of  in-flight 
temperature  meacurements  are  also  presented. 

Memo  20-194,  15  February  I960. 

Radiative  properties  of  surfaces  considered  for  use  on  the  Explorer 
satellites  and  Pioneer  space  probes. 

Spectral  reflectance  data  in  graphical  form  and  tabular  absorptance- 
emittance  data  are  presented  for  surface  materials  considered 
for  use  on  the  Explorer  satellites  and  Pioneer  space  probes.  The 
surfaces  ranged  from  bare  aluminum,  titanium,  and  stainless 
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Steel  to  painted  coatings,  coatings  of  Rokide  A,  and  anodized  and 
plated  coatings.  A  brief  review  of  the  tennperature  control 
problem  is  presented  as  background  information. 

Progress  Report  20-294,  28  March  1956. 

The  temperature  of  an  orbiting  missile.  A.  R.  Hibbs. 

The  successful  operation  of  radio  equipment  carried  in  an  orbiting 
missile  requires  fairly  close  control  over  the  temperatures  to 
which  the  equipment  is  subjected.  This  temperature  is  controlled 
by  two  factors.  First,  the  temperature  of  the  outer  shell  of  the 
missile  depends  on  radioactive  transfer  between  the  missile  and 
its  environment  (sun,  earth,  and  empty  space).  Secondly,  the 
temperature  of  the  equipment  inside  the  missile  depends  on  heat 
transfer  from  the  shell  (directly  by  radiation  and  through  the 
structure  by  conduction).  The  analysis  presented  shows  how  the 
average  temperature  of  the  outer  shell  can  be  controlled  (for  a 
given  missile  shape,  orientation,  and  trajectory)  by  a  correct 
choice  of  surface  coatings.  It  also  indicates  that  the  limits  of 
temperature  variation  of  the  enclosed  equipment  can  be  held  to 
within  a  few  degrees  of  this  average  shell  temperature  by 
adequate  insulation.  Numerical  calculations  indicate  the  neces¬ 
sary  characteristics  of  the  coating  and  insulating  materials. 

Progress  Report  20-319,  11  April  1957. 

Evaluation  of  the  absorptivities  of  surface  materials  to  solar  and 
terrestrial  radiation,  with  plots  of  the  reflectances  (at  wave-lengths  of 
0,  4  to  25  m)  for  10  sample  materials  including  2  types  of  fibrous -glass 
reinforced  plastic.  W.  S.  Shipley. 

Progress  Report  20-359,  3  September  1958. 

Contributions  of  the  Explorer  to  space  technology.  J.  E.  Froehlich  and 
A.  R.  Hibbs. 

The  philosophy  of  the  Explorer  programs  is  presented  and  demon¬ 
strated  in  the  description  of  missile  design  and  flight  operation  of 
the  Explorer  vehicles.  Scientific  measurements  of  cosmic  ray 
intensity,  temperature  environment,  and  micrometeorite  densities 
are  described,  and  the  significance  of  these  measurements  is 
discussed. 
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General  Electric  Company,  Aerosciences  Laboratory 


T.  I.  S.  Report  R60SD386,  August  I960. 

A  method  for  calculating  the  thermal  irradiance  upon  a  apace  vehicle  and 
determining  its  temperature.  T.  L.  Altshuler. 

A  method  is  presented  for  determining  the  thermal  irradiance 
upon  a  space  vehicle  as  a  result  of  direct  radiation,  planetary- 
thermal  radiation,  and  planetary  albedo.  From  this  information, 
the  temperature  of  a  space  vehicle  can  be  obtained.  Calculations 
can  be  made  for  various  space  vehicle  altitudes  above  a  planet 
and  for  various  solar  angles  with  respect  to  both  the  planet  and 
space  vehicle.  The  planets  and  natural  satellites  considered  are 
the  earth,  moon.  Mars,  and  Venus. 

Grumman  Aircraft  Engineering  Corporation 
Report  Xpl2.  20,  May  I960. 

Determination  of  thermal  radiation  incident  upon  the  surfaces  of  an  earth 
satellite  in  an  elliptical  orbit. 

A  procedure  is  presented  for  determining  the  radiation  incident 
upon  a  satellite  in  an  elliptical  orbit.  The  satellite  is  treated  as 
a  set  of  plane  areas,  each  area  identified  by  the  direction  cosines 
of  its  outward  normal  with  respect  to  a  satellite  coordinate  system. 
This  system  is  based  on  orbit  orientation.  Radiation  emitted  by 
and  reflected  by  the  parent  body  is  computed  by  integrating  over 
the  spherical  cap  seen  by  the  satellite.  Solar  radiation  is  consid¬ 
ered  constant.  The  method  is  applied  to  a  hypothetical  satellite 
in  orbit.  Comparisons  of  incident  radiation  have  been  made 
between  rotating  and  nonrotating  satellites  in  the  same  orbit. 

This  type  of  comparison  might  be  used  to  decide  whether  or  not 
satellite  rotation  is  desirable,  and  if  so,  to  what  extent.  It  is 
also  possible  to  compare  different  orbits  for  the  same  satellite 
to  optimize  radiation  to  its  surface. 

IGY  Satellite  Report  Series  No.  3 
Paper  No.  4,  1  May  1958. 

Satellite  temperature  measurements  for  1958  Alpha  -  Explorer  I. 

E.  P.  Buwalda  and  A.  R.  Hibbs. 


Internation  Astronautical  Federation 


September  1956. 

Studies  of  a  minimum  orbital  unmanned  satellite  of  the  earth:  part  III. 
Radiation  and  equilibrium  temperature,  D.  T.  Goldman  and  S.  F.  Sixiger 
(Astronautica  0/86-733,  Zeilen  Garmond,  Presented  at  7th  Congress  of 
lAF). 

National  Academy  of  Sciences,  National  Research  Council  Materials 

Advisory  Board 

MAB-155-M,  20  October  1959. 

Materials  problems  associated  with  the  thermal  control  of  space  vehicles. 

National  Aeronautics  and  Space  Administration 
TND-357,  June  I960. 

Determination  of  the  internal  temperature  in  satellite  1959  Alpha 
(Vanguard  II).  V.  R.  Simar  and  others. 

Satellite  1959  Alpha  was  equipped  so  that  accurate  measurement 
of  the  mini- track  beacon  frequency  (with  the  doppler  component 
removed)  was  sufficient  to  determine  the  satellite's  internal 
temperature.  To  provide  a  precise  measurement  of  this  fre¬ 
quency,  a  sensitive  receiving  system,  utilizing  a  highly  stable 
but  tunable  first  local  oscillator  and  a  noise- eliminating 
tracking  filter,  was  developed.  In  addition  to  the  temperature 
determination,  other  information  such  as  roll  rate  and  rocket 
performance  was  obtained  from  the  observations. 

North  American  Aviation,  Los  Angeles  Division 
NA-54-586,  2  July  1954. 

A  proposed  research  and  development  program  directed  toward  reliable 
temperature  prediction  of  aircraft  structural  components:  part  IV. 
radiation  effects.  M.  R.  Kinsler. 

NA-56-68,  12  April  1957. 

Performance  specifications  for  a  versatile  spectrophotometer  for  thermal 
radiation  measurements.  E.  L.  Goodenow  and  M.  W.  Peterson. 

NA-56-69,  12  April  1957. 

Possible  designs  for  a  versatile  spectrophotometei  for  thermal  radiation 
measurements.  E.  L.  Goodenow  and  M.  W.  Peterson. 

NA-57-41,  12  April  1957. 

Spectrophotometer  for  thermal  radiation  studies.  P.  E.  Ohlsen  and 
G.  A.  Ethemad. 


-265- 


NA-57-707,  28  June  1957. 

Control  of  external  akin  temperatures  by  use  of  selective  finishes. 

G.  C.  Frey. 

NA- 57-330,  23  July  1957. 

Spectral  and  total  radiation  data  of  various  aircraft  materials. 

P.  E.  Ohlsen  and  G.  A.  Etemad. 

NA-57-707-1,  5  Fubrtxary  1958. 

Emissivity  aiid  reflectance  of  selected  surface  coatings.  R.  E.  Klemm. 
DJA-58-525,  March  1958.  (Secret) 

Thermo  considerations  for  the  design  of  satelloid  vehicles. 

NA- 58- 1599,  15  December  1958.  (Secret) 

Preliminary  thermo  analysis  of  extensive  surfaces  protection  system 
requirements  for  B-70  air  vehicle.  P.  Ohlsen  and  A.  Nusenow. 

NA-5‘^-i02,  1 1  August  1959.  (Secret) 

Preliminary  thermodynamic  analysis  of  I.  R.  seekers  for  B-70. 
NA-59-53,  1959.  (Secret) 

Thermal  radiation  characteristics  of  B-70  weapon  system. 

R.  Klemm  and  others. 

NA-59-53- 1,  31  July  1959.  (Secret) 

Thermal  radiation  characteristics  of  B-70  weapon  system. 

R.  Klemm  and  other*. 

NA- 59- 188-7.  (Secret) 

B-70  infra-red  radiation  and  radar  X- section.  W.  Kemp. 

Office  of  Naval  Research 


IRIS  Proceedings  (Confidential),  Vol  4,  No.  1,  1959,  p  115-27. 

Temperature  stabilization  of  Vanguard  satellites,  theory  and  practice. 

L.  F.  Drummetei  and  G.  H.  Hass.  (Chapter  referenced  is  unclassified) 

The  temperature  of  an  orbiting  satellite  depends  on  radiation 
balancing  and  on  the  parameters  which  control  the  radiation 
environment.  The  latter  include  orbital  characteristics  and 
the  surface  properties  of  the  satellite  skin.  The  surface 
properties  are  absorptance  for  extraterrestrial  sunlight  and 
hemispheric  emittance,  ai,d  the  governing  parameter  is  the  ratio 
of  these.  Adjustment  of  the  surface  parameters  permits  a 
passive  system  of  temperature  stabilization  and  is  used  in  the 
Vanguard  program.  For  visibility  reasons,  the  Vanguard 
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devices  had  to  have  specular  reflecting  surfaces  with  high 
visible  reflection.  For  satisfactory  temperatures,  the  infrared 
properties  had  to  be  modified  to  increase  the  surface  emittance. 
Tho  solution  consisted  of  overcoating  polished  metal  with  a 
vacuum  coating  of  partially  oxidized  SiO.  This  material  is 
transparent  in  the  visible  but  has  infrared  absorption  between 
8  and  12  microns.  A  film  0.  54  micron  thick  has  an  emittance 
of  0.  13  at  20  C;  the  emittance  increases  to  0.  40  for  a  film  1.  2 
microns  thick.  Satellite  coating  is  done  in  a  72-inch  evaporator 
in  a  special  rotating  jig  designed  to  provide  relatively  uniform 
thickness. 

Oklahoma  State  University,  Engineering  Experiment  Station 

Publication  112,  April  I960. 

Radiation  heat  transfer  and  thermal  control  of  spacecraft.  F.  Kreith. 

The  material  in  this  report  was  presented  as  a  lecture  series. 

The  basic  principles  of  radiation  are  reviewed.  The  most 
important  aspects  of  thermal  control  and  solar  power  generation 
for  spacecrafts  and  satellites  are  covered,  as  are  methods  for 
determining  radiation  properties  with  special  emphasis  on 
selective  surfaces.  Radiation  processes  in  an  enclosure  (such 
as  a  cavity  receiver  of  a  solar  powerplant  or  the  interior  of  a 
space  platform),  important  energy  sources  in  the  solar  system 
(sun  and  planets),  and  the  atmosphere  of  the  earth  are  discussed. 
The  fundamentals  of  solar  powerplant  design  for  spacecraft  are 
given. 

University  of  Wisconsin 


I960. 

The  thermal  radiation  balance  experiment  on  board  Explorer  VII. 

V.  E.  Suomi. 

The  radiation  energy  budget  of  the  earth  is  determined  by  the 
magnitude  of  three  radiation  currents:  (1)  the  direct  radiation 
from  the  sun,  (2)  the  fraction  of  this  that  is  diffusely  reflected 
by  the  earth,  the  clouds,  and  the  atmosphere,  and  (3)  the 
fraction  that  is  converted  into  heat  and  is  ultimately  reradiated 
back  to  space  in  the  far  infrared  portion  of  the  spectrum.  On 
Explorer  VII,  three  radiation  currents  are  measured  with  simple 
bolometers  in  the  form  of  hollow  silver  hemispheres.  The 
hemispheres  are  thermally  isolated  from,  but  in  close  proximity 
to,  specially  aluminized  mirrors.  The  image  of  the  hemisphere, 
which  appears  in  the  mirror,  makes  the  sensor  look  like  a  full 
sphere.  Two  of  the  hemispheres  have  a  black  coating  which 
makes  them  respond  about  equally  to  solar  and  terrestrial 


radiation.  Another  hemisphere,  coated  white,  is  more  sensitive 
to  terrestrial  radiation  than  to  solar  radiation,  A  fourth  has  a 
gold  metal  surface  which  makes  it  more  sensitive  to  solar  than 
to  terrestrial  radiation.  The  information  telemetered  to  the 
earth's  surface  is  the  sensor  temperatures.  The  radiation 
currents  are  obtained  by  using  these  temperatures  in  heat" 
balance  equations.  Sample  calculations  are  given  and  results 
are  described. 

Wright  Aeronautical  Development  Division 
WADD  TR  54-42,  1954. 

Total  normal  emisslvitles  and  solar  absorptlvities  of  materials. 
G.B.  Wilkes. 

BOOKS 

Clause,  Editor 

Surface  effects  on  spacecraft  materials.  Wiley,  I960,  p  3-54, 
Effect  of  surface  thermal-radiation  characteristics  on  the 
temperature -control  problem  in  satellites.  W.G,  Camack  and 
D.K,  Edv/iirds. 

The  satellite  thermal  problem  is  reviewed.  Satellite  tempera¬ 
tures  are  shown  to  depend  upon  exterior  thermal  radiation 
characteristics,  external  environment,  orbit  geometry,  and 
internal  power  generation.  A  method  is  presented  for  estimating 
vmcertainties  in  the  predicted  temperatures  brought  about  by 
uncertainties  in  the  determining  variables.  Graphs  and  formulas 
necessary  for  application  of  the  method  are  Included  in 
appendixes.  A  survey  is  made  of  the  origins  of  uncertainties 
in  the  determining  variables.  Uncertainties  in  radiation  charac¬ 
teristics  of  surfaces  are  shown  to  arise  from  lack  of  precision 
in  measurements,  lack  of  control  in  manufacturing  processes, 
and  lack  of  surface  finish  stability.  Numerical  examples  clearly 
illustrate  the  importance  of  the  uncertainties  in  radiation  charac¬ 
teristics.  Methods  of  reducing  uncertainties  in  internal  satellite 
temperatures  through  careful  selection  of  surface  finishes  are 
given,  and  active  control  systems  are  discussed. 

Surface  effects  on  spacecraft  materials,  Wiley,  I960,  p  55-91. 
Temperature  control  of  the  Explorers  and  Pioneers.  T.O.  Thosten 
and  others. 

The  Jet  Propulsion  Laboratory  participated  in  the  launching  of 
the  Explorer  satellites  and  the  Juno  II  space  probes  (Pioneers  III 
and  IV).  This  participation  Included  payload  design  and  the 
method  of  achieving  temperature  control.  This  paper  describes 
the  basic  theory  for  the  passive  temperature  control  of  satellites 
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and  space  probes  and  the  application  of  this  process  to  the 
Explorer  and  Pioneer  III  and  IV  vehicles.  Some  results  of  in¬ 
flight  temperature  measurements  are  also  presented. 

Surface  effects  on  spacecraft  materials.  Wiley,  I960,  p  92-116. 

Coatings  for  space  vehicles.  J.  C.  Raymond. 

Six  general  types  of  coatings  and  some  of  their  properties  of 
interest  for  spacecraft  applications  are  discussed:  organic 
coatings,  electrodeposited  coatings,  phosphate -bonded  ceramic 
coatings,  porcelain  enamels,  high- temperature  frit- refractory 
ceramic  coatings,  and  flame-sprayed  ceramic  coatings.  The 
four  types  of  ceramic  coatings  are  discussed  in  detail.  A  brief 
description  of  metal  preparation,  application  and  firing  of  coat¬ 
ings,  and  coating  properties  is  included.  Values  for  total 
hemispherical  and  normal  spectral  emittance  are  given  where 
available. 

Surface  effects  on  spacecraft  materials.  Wiley,  I960,  p  152-63. 

Vanguard  emittance  studies  at  NRL..  L.  F.  Drummeter,  Jr.,  and 

E.  Goldstein, 

The  general  problem  of  passive  control  of  temperature  in  the 
Vanguard  devices  involved  many  problem  areas.  This  paper 
presents  procedures  and  results  associated  with  one  phase  of  the 
thermal  work — the  studies  of  emittance.  The  total  hemispheric 
emittances  of  several  materials  were  measured  by  coating  them 
on  sample  bodies,  suspending  the  bodies  in  an  evacuated  chamber, 
and  heating  them.  The  emittances  of  AI2O3  and  SiO  coated  on 
aluminum,  gold,  and  silver  surfaces,  of  polished  tungsten 
carbide,  and  of  silicon  solar  cells  were  measured. 

Surface  effects  on  spacecraft  materials.  Wiley,  I960,  p  182-94. 

Some  methods  used  at  the  National  Bureau  of  Standards  for  measuring 

thermal  emittance  at  high  temperatures.  J.  C.  Richmond. 

At  the  National  Bureau  of  Standards,  the  Radiometry  Section  of 
the  Atomic  and  Radiation  Physics  Division  and  the  Enameled 
Metals  Section  of  the  Mineral  Products  Division  are  concerned 
with  thermal  emittance  measurements.  The  investigations  of  the 
Radiometry  Section  include  absorption  of  radiation  and  the  inter¬ 
pretation  of  absorption  spectra  (including  infrared  absorption 
spectra),  accurate  evaluation  of  materials  for  use  in  wavelength 
calibration  of  spectrometers,  and  calibration  of  standards  of 
spectral  radiation  and  standards  for  total  radiant  energy.  The 
Enameled  Metals  Section  is  engaged  in  developing  instrumentation 
and  procedures  for  determining  total  hemispherical  emittance. 
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normal  spectral  emittance,  and  spectral  reflectance  of  a  wide 
variety  of  materials,  including  ceramics  and  ceramic -coated 
metal. 

Hynek,  J.  A.  ,  Editor 


Astrophysics,  a  topical  symposium.  1951,  p  259-301. 

The  sun  and  stellar  radiation  (chapter  6). 

Radiation  and  stars  from  the  sun  are  discussed,  including  the 
spectral  energy  curve  of  the  sun  and  the  solar  constant.  The 
various  sources  of  heat  in  the  photosphere  are  described. 

These  include  radiation  from  stars  and  planets,  radiation  from 
variable  stars,  and  planetary  heat.  Radiation  properties  of  the 
moon  are  also  taken  up. 

Kuiper,  G.  P.  ,  Editor 


The  solar  system:  vol  2.  The  earth  as  a  planet.  University  of  Chicago 
Press,  1954,  p  726-738. 

Albedo,  color  and  polarization  of  the  earth.  A.  Dajon. 

Malone,  T.  F.  ,  Editor 


Compendium  of  meteorology.  American  Meteorological  Society,  1951, 
p  25-28. 

Solar  radiant  energy,  its  modification  by  the  earth  and  its  atmosphere. 
S.  Fritz. 

Van  Allen,  J.  ,  Editor 


Scientific  uses  of  earth  satellites.  University  of  Michigan  Press,  cl956, 
p  73-84. 

Isolation  of  the  upper  atmosphere  and  of  a  satellite.  P.  R.  Cast. 

The  temperature  of  a  satellite  is  the  resultant  of  the  sum  of 
radiations  from  three  sources:  directly  from  the  sun,  solar 
radiation  returnea  from  the  atmosphere  and  the  earth  (both 
6000  K  radiation),  and  low-temperature  (250  k)  radiation  from  the 
earth.  Assuming  various  characteristics  for  the  model  of  the 
satellite  (absorptivity  of  the  surface,  shape,  mass,  specific  heat) 
and  orbit  trajectories  (distance  of  perigee  and  apogee,  duration 
of  insolation,  and  duration  in  shadow  of  the  earth),  the  ranges  of 
maximum  and  minimum  temperatures  may  be  calculated.  For  one 
possible  elliptical  trajectory  the  mean  temperatures  for  an  0.  8- 
meter,  100-kilogram  spherical  satellite  are  not  far  from  0  C. 

Ao  the  satellite  in  it»  orbit  passes  from  sunlight  into  the  shadow 
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of  the  earth,  the  temporary  maximum  temperatures  in  the  sun¬ 
light  range  from  13  to  3  C  and  the  temporary^  minimum 
temperatures  in  the  shadow  range  from  -3  to  5  C.  The  highest 
maximum  temperature  is  with  the  sun  in  line  with  the  projected 
major  axis  and  the  illuminated  satellite  at  a  perigee  of  300  miles, 
and  the  lowest  minimum  temperature  with  the  sun  in  the  same 
position  and  the  satellite  at  an  apogee  of  1000  miles.  Measure¬ 
ments  of  insolation  freed  from  difficulties  of  atmospheric 
attenuation  and  measurements  cf  the  albedo  of  the  earth  will  be 
possible  from  a  satellite  vehicle.  To  achieve  the  required 
accuracy,  however,  rather  precise  knowledge  of  the  orientation 
of  detectors  is  essential.  Hazards  which  are  unique  to  the 
environment  may  be  encountered  in  attempting  measurements 
from  a  satellite.  These  include  the  effects  of  the  vacuum 
ultraviolet  irradiation  and  of  accumulation  of  micrometeorites 
on  surfaces  of  detectors,  windows,  and  satellite  skin. 

Scientific  use  of  earth  satellites.  University  of  Michigan  Press,  cl956, 

p  133-136. 

The  radiative  heat  transfer  of  planet  earth.  J.  J.  F.  King. 

A  method  is  developed  for  obtaining  the  vertical  temperature 
distribution  of  a  planetary  atmosphere  from  the  law  of  darkening 
of  the  planet's  emission  spectrum.  The  intensity  of  the  radiation 
emerging  from  a  planet  is  directly  dependent  on  the  vertical 
thermal  structure  of  its  atmosphere.  For  the  monochromatic 
case,  the  emergent  intensity  is  simply  the  Laplace  transform  of 
the  Planck  Intensity  considered  as  a  function  of  optical  depth.  Now, 
for  a  given  wavelength  the  Planck  intensity  is  a  single -valued 
function  of  temperature.  Thus,  in  principle,  a  complete 
knowledge  of  the  variation  of  the  emergent  intensity  with  zenith 
angle  (law  of  darkening)  suffices  to  determine  the  thermal 
structure  of  the  accessible  optical  depth.  In  practice,  to  find  the 
Planck  intensity  it  is  necesrary  to  obtain  the  inverse  Laplace 
transform,  which  is  mathematically  tantamount  to  solving  a 
Fredholm  integral  equation  of  the  first  kind.  An  approximate 
solution  to  the  problem  is  obtained  using  the  Volte rra  method, 
which  replaces  the  integral  equation  by  a  set  of  linear  simultaneous 
equations  with  the  Planck  intensity  expressed  as  a  series  of  step 
functions.  A  sample  calculation  shows  that  as  few  as  three  values 
of  the  limb-darkening  function  yield  quantitative  information  on 
the  vertical  temperature  distribution.  Alterations  in  the  theory 
necessitated  by  considerations  of  band,  rather  than  mono¬ 
chromatic,  intensity  measurements  are  indicated.  A  lightweight, 
rugged  instrument  which  appears  capable  of  such  thermal 
measurements  is  discussed.  This  is  the  far  infrared  filter 
photometer  currently  being  developed  by  Johns  Hopkins  University 
under  Air  Force  contract  AF  19(604)- 949. 
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Scientific  uee  of  e&rth  satellites.  2nd  ed,  cl958,  p  69-72. 
Experiments  for  measuring  the  temperature,  meteor  penetration  and 
surface  erosion  of  a  satellite  vehicle.  H.  E.  LaGow. 

White,  C.  S.  and  Benson,  O.  Q. ,  Editor s 


Physics  and  medicine  of  the  upper  atmosphere.  University  of  New 
Mexico  Press,  1952,  p  88-89. 

Therm'.l  aspects  of  travel  in  the  aeropause,  problems  of  thermal 
radiation. 


Section  XI 
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APPENDIX  A 

TABLES  OF  EMISSIVITY  AND  ABSORPTIVITY 


This  appendix  was  supplied  by  the  AiResearch  Manu¬ 
facturing  Division  of  the  Garrett  Corporation.  The 
data  presented  are  incomplete  and  will  be  expanded 
in  the  first  revision  of  the  basic  report. 


INTRODUCTION 

Because  radiative  heat  transfer  is  a  surface  phenomenon,  it  is  usually 
desi  "able  to  coat  the  heat  transfer  surface  to  accomplish  the  desired  radia¬ 
tive  ^;xchange.  The  properties  of  these  surface  coatings  are  of  importance 
in  tVie  design  of  space  heat  rejection  systems,  because  radiation  is  the  only 
means  of  dissipating  heat  other  than  expelling  large  masses  from  the  vehicle. 
The  radiator  may  be  exposed  to  radiation  from  the  sun,  nearby  planets,  and 
other  parts  of  the  vehicle. 

Considerable  work  has  been  done  in  recent  years  in  developing  coat¬ 
ings,  particularly  those  which  are  spectrally  selective.  Some  of  the 
applications  and  the  desired  types  of  coatings  are  listed  in  Table  1> 

NOMENCLATURE 

a  Total  absorptivity 

Total  absorptivity  to  solar  radiation 

Monochromatic  absorptivity 

*  Total  emissivity 

t  j,  Total  emissivity  of  radiator  surface 

Monochromatic  emissivity 
X  Wavelength,  microns 

-4 

M  Microns  (1.0  micron  =  10  centimeters) 
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Table  1.  Coatings  and  Their  Application 


Application 

Desired  Coating 

Result 

Absorber  for  heat 
engine  using  solar 
energy 

High  solar  absorptivity, 
low  thermal  emissivity 

High-energy  absorption, 
high  temperature 

Photovoltaic  cell 

High  solar  absorptivity 
for  cell  sensitivity 
range,  high  thermal 
emissivity 

High-energy  absorption, 
low  temperature 

Infrared  detector 
window 

High  solar  reflectivity, 
high  thermal  transmit¬ 
tance 

Infrared  detection,  low 
temperature 

Low-temperature 

radiator 

Low  solar  absorptivity, 
high  thermal  emissivity 

High  heat  rejection  per 
unit  area 

High  temperature 

High  thermal  emissivity 
(low  solar  absorptivity 
desirable  as  long  as 
is  high) 

High  heat  rejection  per 
unit  area 

Solar  concen¬ 
trators 

High  solar  reflectivity 

High-efficiency  concen¬ 
trator 

Passive  tempera¬ 
ture  control 
system 

Variable  to 

accommodate  solar  flux 
and  Internal  heat  load 
changes 

Constant  internal  tempera 
ture 

Ultraviolet  pro¬ 
tective  coating 
for  organic 
materials 

Reflective  or  absorbing 

Reflection  or  conversion 
of  ultraviolet  into  another 
form  to  protect  organic 
materials 

SELECTIVE  ABSORPTION  OR  EMISSION 

The  use  of  spectrally  selective  coatings  is  often  desirable  to  control 
energy  flux.  There  are  many  materials  whose  total  emissivity  varies  with 
temperature,  and  these  can  often  be  used  to  achieve  the  proper  energy 
balance.  Figure  1  shows,  i.i  general,  how  total  emissivity  varies  with 


10^ 

TEMPERATURE  (K) 
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Figure  1.  Typical  Variation  of  Surface  Absorptivity  and  Emissivity 

With  Temperature 
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temperature  for  metals  and  nonmetals.  For  example,  a^/frip  Is  shown  to 
be  greater  than  unity  for  polished  metals  and  less  than  unity  for  nonmetals. 

By  use  of  the  principles  outlined  in  the  body  of  this  report,  selective 
radiation  surfaces  can  be  fabricated  by  depositing  multiple  layers  of  coating 
material  on  the  surface.  Interference  films,  cavity  absorption,  absorbing 
under  coatings,  Fresnel  (or  dielectric)  films  can  be  utilized. 

For  example,  a  gold  smoke  film  evaporated  from  a  tungsten  filament 
in  the  presence  of  small  amounts  of  nitrogen  and  oxygen  has  the  property  of 
being  almost  completely  transparent  to  radiations  above  2  microns.  About 
97  percent  is  transmitted,  whereas  only  20  percent  of  the  visible  spectrum 
is  transmitted  with  2  to  3  percent  reflection,  using  a  heat  source  of  120  F, 
Reference  1. 

A  polished  copper  surface  may  be  assumed  to  be  75  percent  reflective 
in  the  visible  and  98  percent  in  the  infrared  range.  Thus,  if  the  gold  smoke 
film  were  deposited  on  this  copper  surface,  92  percent  of  the  radiation  above 
2  microns  and  only  5  percent  of  the  visible  radiation  would  be  reflected  due 
to  the  double  absorption.  However,  at  elevated  temperatures  the  structure 
and  optical  properties  of  the  film  is  affected  and  stability  becomes  a  factor. 

Because  emissivity  is  strongly  dependent  on  surface  characteristics, 
it  is  necessary  that  the  surface  be.  maintained  in  a  condition  most  closely 
approximating  the  operating  environmental  conditions  during  emissivity 
measurements.  In  the  case  of  space  radiators,  high  vacuum  is  most 
important.  Grease,  dust,  impurities  or  absorbed  gases  can  materially 
affect  the  expected  response  of  a  surface. 

SPECTRAL  CHARACTERISTICS  OF  COATINGS 

The  spectral  characteristics  of  some  coatings  which  may  be  appli¬ 
cable  for  space  radiators  are  given  here.  The  values  for  total  emissivity 
are  taken  from  several  sources.  These  totals  are  only  indicative  of  coating 
emissivity,  because  substrate  preparation  and  method  of  deposition  greatly 
influences  the  spectral  characteristics. 

The  spectral  characteristics  of  some  enamels  and  pure  oxides  are 
shown  in  Figures  2  through  7  (Reference  2),  These  characteristics 
are  presented  as  indicative  of  the  type  of  information  which  can  be  found 
in  the  literature. 
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Figure  2.  Monochromatic  Normal  Emissivity  Versus  A^avelength  for  Aluminum  Oxide 


igure  3,  Monochromatic  Normal  Emissivity  Versus  Wavelength  for 
Lead  Carbonate  and  Aluminum  Oxide 


Figure  4.  Monochromatic  Normal  Emissivity  Versus  Wavelength  for 
Calcium  Oxide  and  Zirconium  Dioxide 


igure  5.  Monochromatic  Normal  Emissivity  Versus  Wavelength  for 
Magnesium  Carbonate  and  Zinc  Oxide 


TRANS 


Figure  6.  Cupric  Oxide  on  Sodium  Chloride 


TRANSMISSION  (PERCENT) 


Figure  7.  Transmission  Versus  Wavelength  loi-  Molybdenum  Oxide 

and  Nickel  Oxide  on  Pyrex 
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ORGANIC  COATINGS 

Consldexable  effort  is  being  directed  toward  development  of  organic 
coatings  with  high  thermal  emittance  at  relatively  low  temperature  (from 
room  temperature  to  200  or  300  F).  These  coatings  must  be  characterized 
by  high  resistance  to  ultraviolet  and  nuclear  radiation,  good  thermal 
stability,  and  high  molecular  weight  to  minimize  bolloff  losses.  Prelimi¬ 
nary  work  indicates  that  organic  coatings  can  be  developed  with  a  thermal 
emisslvity  greater  than  0.95.  At  the  present  time,  no  organic  coating  can 
be  recommended  which  will  meet  all  the  environmental  requirements.  Some 
work  on  protective  ultraviolet  absorbers  is  producing  encouragiiig  results, 
indicating  that  a  high -emisslvity  coating  which  is  sensitive  to  ultraviolet  may 
be  successfully  protected.  These  organic  protective  coatings  Include  1,  1' 
ferrocane  dicarboxylic  acid,  2(2*  hydroxy  5*  methyl  phenyl)  benzotrlazoie, 
and  2  hydroxy  4  methoxy  benzophenone. 

INORGANIC  COATINGS 

Because  pure  metals  are  generally  reflective  at  temperatures  from 
ICO  to  1200  F,  they  are  not  suitable  for  radiator  coatings.  However,  there 
may  be  related  components  which  require  high  thermal  reflectance. 

Typical  reflectivity  values  for  vacuum-deposited  gold  on  flat  organic 
substrates  are  0,95  for  the  near  and  far  infrared  regions.  Aluminum, 
copper,  and  silver  are  also  reflective  from  0.90  to  0,95  for  the  same 
region  (Reference  3).  Care  is  required  to  prevent  surface  oxidation. 

Metallic  oxides  have  relatively  high  emisslvities  in  the  infrared 
region  and  low  absorptivity  for  solar  irradiation.  The  emissivitles  of 
some  coatings  as  reported  by  various  references  are  summarized  in 
Table  2,  which  also  lists  some  of  the  physical  properties, 

Ixiformatlon  received  from  other  sources  and  from  tests  conducted  at 
AiResearch  indicate  that  an  emissivity  of  at  least  0,85  at  100  to  200  F  can 
easily  be  obtained  for  some  of  these  oxides  using  flame  spraying.  The 
values  of  0.  93  to  0.97  at  the  low  temperatures  listed  in  Figure  1  can  be 
obtained  only  under  ideal  conditions. 

The  dependence  of  emissivity  on  temperature  for  some  other  mate¬ 
rials  is  given  in  Figure  8,  Sheet  2  of  Figure  8  shows  that  tx  will  be 
of  the  order  of  0.8  and  0.9  while  a  should  be  in  the  range  0.  1  to  0.  2.  If 
the  coatings  are  roughened,  f  and  should  both  Increase. 

The  emittance  of  two  ceramic  coatings  prepared  by  the  National 
Bureau  of  Standards  is  shown  in  Figure  9.  These  coatings  are  barium 
silicate  glass  containing  mixtures  of  quartz,  aluminum  oxide,  chrome 
oxide,  cerium  oxide,  and  other  oxides.  They  are  sprayed  on  stainless  steel 
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Table  2.  Materials  Having  Desirable  Radiation 
Characteristics  for  Space  Radiators 


Specific 

Melting 

Point 

Bolling 

Point 

Total  Normal 
Ernisaivlty 

1 

Material 

Grav  Ity 

(F) 

(F) 

125  F 

750  F 

Solar 

and  Stability 

Aluminum 

oxide 

(AljOj) 

3.5  to  3.9 

3700 

4080 

0.98 

0.79 

0.  16 

Good 

Zirconium 

alUcate 

(ZrSlO^) 

4.56 

4600 

0.92 
(460  F) 

0.80 
(930  F) 

Good 

Zirconium 

oxide 

(ZrO^) 

5.49 

4900 

7H00 

0.95 

0.77 

0.  14 

Good 

M«gne  slum 
oxide 

<MgO) 

3.65  to  3.75 

5080 

6510 

0.97 

0.84 

0.  14 

Fair,  too  soluble 

Zinc  oxide 

(ZnO) 

5.606 

3270 

subl 

0.5/ 

0.91 

0.  18 

Fair  to  bad,  too 

3270 

soluble  in  water 

Calcium  oxide 

(CaO) 

3.40 

4660 

5180 

0.96 

0.78 

0.  15 

Bad,  decomposes 
in  water 

Thorium 

dioxide 

(ThO^) 

9.69 

5080 

7980 

0.93 

0.53 

0.  14 

Good 

Anodised 

aluminum 

3700 

40B0 

0.77 

0.49 

0.  15 

Fa!  r  ,  not  as  eaSiV  to 
apply  as  Al^O^ 

A  lamina 

4.00 

3700 

4080 

Frir,  but  not  as 

good  as  pure  A  l2°3 

White  tile 

0.96 

0.85 

0.  18 

Fair 

Yttrium 

oxide 

4.84 

5.096 

4380 

7780 

0.89 

0.66 

0.26 

Fair 

Ferrous 

oxide 

(FeO). 
black, non- 
oxide 

5.7 

2580 

0.90 

Good 

Nickel  oxide 

(NIO) 

7.45 

3795 

0.95 

Good 
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Figure  8.  Emissivity  Versus  Temperature  for  Various  Substance 

(Sheet  1  of  2) 
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Figure  9.  Total  Hemispherical  Emissivity  Versus  Wavelength  for 
Type  430  Stainless  Steel  Coated  With  Two  Ceramic  Coatings 


samples  and  then  cured  at  elevated  temperatures.  Most  of  these  coatings 
are  spectrally  selective  with  a  approximately  0.1  to  0.3.  Conservative 
values  of  emlssivitles  for  low-lemperature  radiation  are  of  the  order  of 
0.85  to  0.90.  Higher  thermal  emissivities  are  desirable,  however,  for 
high-temperature  radiators  such  as  required  for  space  power  systems.  It 
is  believed  that  for  high  temperature  radiators,  black  iron  oxide  or  nickel 
oxide  coating  (nickel  penetrate)  have  emissivities  near  0.95. 

Total  normal  emissivity  characteristics  of  various  materials  are  shown 
in  Figures  J.0  and  11. 

COMPUTATION  OF  TOTAL  EMISSIVITY  OR  ABSORPTIVITY 

The  methods  used  to  predict  radiation  heat  transfer  require  knowledge 
of  the  total  emissivities  of  the  surfaces  involved  as  well  as  the  total 
absorptivities.  Much  of  the  data  published  to  date  are  in  the  form  of 
monochromatic  reflectivity  or  absorptivity  as  a  function  of  wavelength. 
Thus,  it  is  often  necessary  to  calculate  the  total  emissivity  or  absorptivity 
when  only  the  spectral  information  is  available.  Basically,  this  is  done  by 
calculating  the  black  body  characteristics  as  given  by  Planck's  Law.  The 
actual  power  emitted  or  absorbed  is  then  obtained  by  taking  the  product  of 
the  black  body  radiant  power  and  the  emissivity  at  each  wavelength.  The 
total  emissivity  is  determined  by  integrating  this  product  over  all  wave¬ 
lengths  and  dividing  by  the  black  body  energy  over  the  same  wavelengths. 

To  obtain  the  value  of  total  emissivity  or  absorptivity,  over  all  wave¬ 
lengths  ordinarily  reqvxires  very  tedious  hand  calculations  and  lengthy 
graphical  integrations.  Fortunately,  there  is  available  an  IBM  7090  program 
which  mechanizes  the  calculation  and  integration  procedures  such  that 
accurate  total  emissivities  and  total  absorptivities  can  be  obtained  very 
rapidly  for  any  given  temperature  conditions  and  material  properties.  This 
program  is  titled  "Total  Emissivity  and  Absorptivity  Program,  "  and  a 
complete  description  of  the  theory  involved  and  usage  of  the  program  is 
available  (Reference  7). 
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-TITANIUM  DIOXIDE  ENAMEL 
OVER  COBALT  ENAMEL 


■COBALT  ENAMEL 


TEMPERATURE  (F) 


Figure  10.  Total  Normal  Ernissivity  Versus  Temperature  for 
Titanium  Dioxide  and  Cobalt  Enamels 
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APPENDIX  B 


PI.ANETARY  THERMAL  EMISSION  AND  PLANETARY  REFLECTED  SOLAR 
RADIATION  INCIDENT  TO  SPACE  VEHICLES 

This  appendix  was  supplied  by  the  Astronautics  Division  of  Convair 
(General  Dynamics  Corporation),  San  Diego,  California. 

DESCRIPTION  AND  DEFINITIONS 

I  PLANETARY  THERMAL  EMISSION 

The  planetary  thermal  radiation  incident  to  a  vehicle  surface  may 
be  computed  by  the  general  equation 

q  a  FAE^  (l) 

where  q  «  thermal  radiation  rate  incident  to  the  veliicle  surface, 

BTU/hr. 

A  a  characteristic  area  defining  the  surface,  ft^, 

=  total  energy  rate  emitted  per  planet  unit  area,  BTU/hr-ft^, 

F  a  geometric  factor  for  radiation  from  the  planet  to  the 
vehicle  surface,  dimensionless 

The  value  of  is  tabulated  for  the  planets  in  Table  I.  The 

geometric  factors  have  been  computed  for  standard  vehicle  surface 
geometries  with  respect  to  the  earth  and  tabulated  as  a  function  of 
altitude  from  the  earth.  These  geometric  factors  may  also  be  used 
for  vehicles  in  the  vicinity  of  other  planets  or  moons  if  the  geometric 
factor  is  used  which  corresponds  to  the  adjusted  equivalent  altitude 
determined  by  multiplying  the  altitude  of  the  veliicle  from  the  planet 
by  the  ratio  of  the  radius  of  the  earth  to  the  radius  of  the  planet. 

These  radius  ratios  are  tabulated  for  the  planets  in  Table  I. 

(1)  SPHERE: 

Figure  1  describes  the  configuration  for  planetary  thermal  radiation 
to  a  sphere.  The  geometric  factor  is  defined  on  the  basis  of  the 
characteristic  area  A  ■  tr  r^, 


where  r  is  the  radius  of  the  sphere.  Then 


F 


r  Et 


(2) 


The  geometric  factor  for  a  sphere  with  respect  to  the  earth  is  tab¬ 
ulated  in  Table  2  as  a  functionr  of  altitude. 


(2)  CYLINDER 

Figure  2  describes  the  configuration  for  planetary  thermal  radiation 
to  the  convex  surface  of  a  cylinder.  Because  of  lack  of  three  dimen¬ 
sional  sjrmmetry  an  attitude  parameter,  ,  is  required  and  is  the  angle 
between  the  cylinder  axis  and  the  vertical  to  the  vehicle.  The  geometric 
factor  is  defined  on  the  basis  of  the  characteristic  area,  4  ■  DL,  where 
D  and  L  are  the  diameter  and  length,  respectively,  in  feet  for  the 
cylinder.  Then 

F  •  q 

The  geometric  factor  for  a  cylinder  with  respect  to  the  earth  is 
tabulated  in  table  3  as  a  function  of  altitude  with  the  attitude  angle, 

^  ,  as  the  parameter. 

(3)  HEMISPHERE 

Figure  3  describes  the  configuration  for  planetary  thermal  radiation 
to  the  convex  surfnce  of  a  hemisphere.  The  geometric  factor  is  defined 
on  the  basis  of  the  characteristic  area,  A  -  ^  r^,  where  r  is  the  radius 
of  the  hemisphere.  Then 

r  •  (4) 

The  geometric  factor  for  a  hemisphere  with  respect  to  the  earth  is 
tabulated  in  Table  4  as  a  function  of  altitude  with  the  attitude  angle, 

^  ,  as  parameter. 
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(4)  FLAT  PLATE 

Figure  4  describes  the  configuration  for  plaaetary  thermal  radiation 
to  one  side  of  a  fliit  plate*  The  angle.  ^  .  between  the  normal  to  the 
plate  and  the  vertical  to  the  vehicle  defines  tlie  attitude  of  the  plate 
with  respect  to  the  planet.  The  geometric  factor  is  defined  on  the  basis 
of  tlie  cliaracteristie  area,  A  »  P,  the  area  of  one  aide  of  tlie  plate. 

Then 


The  geometric  factor  for  a  flat  plate  with  respect  to  the  earth  is 
tabulated  in  Table  5  as  a  function  of  altitude  with  the  attitude  angle, 

^  V  as  parameter. 

It  should  be  noted  that  the  flat  plate  thermal  radiation  solution 
may  be  used  to  approximate  the  thermal  radiation  incident  to  any  generally 
convex  velticle  surface  by  dividing  the  surface  into  a  series  of  flat  plate 
elements  and  summing  tlie  thermal  radiation  incident  to  each  of  these  flat 
plates . 


II  PLANETARY  REFLECTED  SOLAR  RADIATION 

The  planetary  albedo  incident  to  a  vehicle  surface  may  be  computed 
from  the  general  equation: 


q  .i  FAS  a 


(6) 


where  q  -  albedo  heat  flux  rate  incident  to  the  vehicle  surface,  BTU/hr. 

A  *  characteristic  area  defining  the  surface,  ft^ 

S  ■  solar  heat  flux  or  "constant",  UTU/hr.-ft^ 

a  -  average  reflectivity  of  the  planet's  surface,  dimensionless 
P  ■  geometric  factor  which  accounts  for  reflected  energy  distribution 
on  the  planetary  surface  and  the  geometry,  dimensionless 


The  geometric  factor  for  a  sphere  is  independent  of  attitude  due  to 
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tliree  d i metin i onu  1  Hyinmetry.  In  Iho  cuhk  of  all  HurfnceH  the  loniilioo  of 
the  vehicle  with  ri^epect  to  the  nun  in  defluotl  liy  the  zenith  diHtunce 
between  the  eurfnce  und  Hun,  zenith  dietiince  in  tlie  un/'le 

between  the  earth -veh ic le  vector  and  the  earth-nun  vector.  In  the  case 
of  nurfacea  laci<inK  spherical  symmetry,  the  attitude  of  the  surface  is 
defined  by  two  angles.  One  in  the  an/'le,  ^  ,  between  the  axis  of  the 
cylinder  or  hemisphere  or  normal  to  the  flat  plate  and  the  vertical  to 
the  vehicle.  The  other  is  the  anp^le,  ,  of  rotation  of  tlio  axin  or 
normal  about  the  vertical  to  the  vehicle  from  the  planet.  The  datum 
0^  «  U  occurs  when  the  axis  or  normal  lies  in  the  plane  defined  by 

the  earth-vehicle  vector  and  the  earth-sun  vector. 

The  value  of  S  and  a  are  tabulated  for  the  planets  in  Table  1. 

The  geometric  factors  for  albedo  have  been  computed  for  standard  vehicle 
surface  geometries  with  respect  to  tlie  earth  and  tabulated  as  a  function 
of  altitude  from  the  earth.  Again,  as  described  for  thermal  radiation, 
these  geometric  factors  raa;,  be  applied  to  other  planets  by  using  the 
ratio  of  the  radius  of  the  earth  to  the  radius  of  the  planet  tabulated 
in  Table  1. 

(1)  SlMtBIlE 

Figure  5  shows  tiie  configuration  for  albedo  incident  to  a  sphere. 

The  geometric  factor  is  defined  on  the  basis  of  the  characteristic  ar^a, 

/rf  2 

A  »  Tf  r  ,  where  r  is  the  radius  of  the  sphere,  then 

P  -=  TTr^Sa  (7) 

The  geometric  factor  for  albedo  incident  to  a  sphere  from  the 
earth  is  shown  in  Table  6  as  a  function  of  altitude  in  nautical  miles 
with  zenith  distar, ce,  »  ®e  parameter. 

(2)  CYLINDER 

Figure  6  shows  the  configuration  for  albedo  to  the  convex  surface 
of  a  cylinder.  For  a  cylintler  tlie  geometric  factor  is  defined  on  the  basis 


of  the  cliuructeriatic  area,  A  ■  1)L.  Then 

F  -  y/uLSa  (8) 

wh:Te  D  >  diameter  of  cylinder,  ft. 

L  ■  length  of  cylinder,  ft. 

The  geometric  factor  for  albedo  incident  to  a  cylinder  from  the 
earth  is  tiibulated  in  Tables  7  through  28  as  u  function  of  altitude 
in  nautical  miles  with  and  ^ as  paramcterH.  Each  table  is  for 

a  constant  and  ^  ,  i.e.  particular  attitude  with  respect  to  the 
earth. 

(3)  II  liM  I  SPHERE 

Fiirure  7  allows  the  conl'ijfuration  for  albedo  to  the  convex  surface 
of  a  hemisphere.  For  a  hemisphere  the  geometric  factor  is  computed  on 
the  basis  of  the  characteristic  area,  A  »irr*-  .  Then 

F  =  q/lTr^Sa 

where  r  =  radius  of  hemisphere,  ft. 

The  geometric  factor  for  albedo  incident  to  a  hemisphere  from  the 
earth  is  tabulated  in  Tables  29  through  65,  as  a  function  of  altitude 
in  nautical  miles  with  ,  ,  and  as  parameters.  Each  table  is 

for  a  constant  ^  and  >  i.e.,  particular  attitude. 

(4)  FLAT  PLATE 

Figure  8  shows  the  geometry  for  albedo  to  one  side  of  a  flat  plate. 
For  a  flat  plate  the  geometric  factor  is  computed  on  the  basis  of  the 
characteristic  area,  A  >  P.  Then 

F  -  y^Sa  (10) 

where  P  =  area  of  one  side  of  the  flat  plate,  ft.^ 


(9) 
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Tho 
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alii  tude 
is  for  a 


geometric  factor  for  albedo  incident  to  one  Hide  of  a  flat  plate 
earth  in  tabuJat«.Ml  in  TableH  C«  throu»fh  1'>1  oh  a  function  of 
in  nautical  mjlea  with  6^,  ,  and  oh  pa  rome  to  rw .  »iacb  table 

constant  31^  and  i.e.,  particular  attitude. 


The  flat  plate  albedo  solution  may  also  be  used  to  ap?»roximate 
alb3ilo  heacinjf  of  any  (generally  convex  satellite  or  satellite  surlace 
by  dividing  this  surface  into  a  series  of  flat  plates  and  summinfi  the 
albedo  luxating  for  each  of  these  fiat  plates. 


INUliX 


Page 


1 

Geometry  for  Planetary  Thermal  Emission 
to  a  Sphere 

310 

2 

Geometry  for  Planetary  Thermal  Emission  to 
a  Cylinder 

312 

3 

Geometry  lor  Planetary  Thermal  Emission  to 
a  Hemisphere 

315 

4 

Geometry  for  Planetary  Reflected  Solar  Radiation 
to  a  Sphere 

319 

5 

Geometry  for  Planetary  Thermal  Emission  to 
a  Flat  Plate 

324 

G 

Geometry  for  Planetary  Reflected  Solar  Radiation 
to  a  Cylinder 

329 

7 

8 

Geometry  for  Planetary  Reflected  Solar  Radiation 
to  a  Hemisphere 

Geometry  for  Planetary  Reflected  Solar  Radiation 

352 

390 

Table 

to  a  Flat  Plate 

1 

Planetary  Data 

309 

•1 

Geometric  Factor  for  Thermal  Rarliation  to 
a  Sphere 

311 

3 

Geometric  Factor  for  Thermal  llailiation  to 
a  Cylinder 

313-314 

4 

Geometric  Factor  for  Thermal  Radiation  to 
a  Hem i sphere 

316-318 

5 

Geometric  Factor  for  Thermal  Radiation  to 
a  Flat  Plate 

320-323 

6 

7  -  28 

Geometric  Factor  for  Reflected  Solar  Radiation 
to  a  Sphere 

Geometric  Factor  for  P.eflected  Solar  Radiation 

325-328 

7 

to  a  Cylinde^^  ^ 

330 

8 

=  30®  =»  0® 

331 

9 

=  50°  =  30® 

332 

10 

=  30®  =  60® 

333 

-  30  3  - 


uni^vniRj 


INDliX  (CdNi.) 


Table 

1 1 

O 

II 

i 

.  =  90® 

334 

1  2 

=  7.0® 

=  1  20® 

335 

W, 

=  7.0® 

=  150® 

336 

14 

=  50® 

=  180® 

337 

15 

=  60“ 

^  0® 

338 

16 

^  00“ 

=  50® 

339 

1  7 

60® 

11 

c 

e 

340 

18 

O 

O 

<c 

II 

=  90® 

341 

19 

=  60® 

=  120® 

342 

20 

=  60“ 

=  150® 

343 

21 

=  60“ 

=  180® 

344 

22 

=  90“ 

=  0“ 

345 

27) 

=  90® 

It 

o 

o 

346 

24 

=  90® 

=  60® 

347 

25 

II 

c 

o 

O 

O 

II 

348 

20 

=  90“ 

=  120® 

349 

27 

=  90“ 

O 

O 

ii 

350 

2H 

=  90“ 

=  180® 

351 

10-65 

Geomr^tric  Factor  for 

Reflected  Solar  to 

a  Hemisphere 

29 

^  =  0® 

=  0®-360“ 

353 

50 

=  50“ 

=  0® 

354 

51 

=  50“ 

=  50® 

355 

52 

=  50® 

=  60® 

356 

55 

=  50“ 

=  90® 

357 

5  4 

=.  50“ 

=  120® 

358 

55 

M 

Z/4 

O 

e 

=  150“ 

359 

-  30  4  - 


Table 

INDiSX  (CONT.) 

Pu^re 

.3(5 

= 

.30«> 

IHO® 

3  60 

.37 

60» 

= 

0® 

361 

.3« 

= 

60“ 

= 

30® 

362 

3'J 

= 

()()<• 

= 

60° 

363 

40 

= 

GO" 

= 

90® 

364 

41 

= 

GO® 

= 

120® 

365 

13 

= 

GO® 

= 

150® 

366 

43 

= 

60® 

= 

1  80® 

367 

44 

90® 

= 

0° 

3  68 

45 

= 

90“ 

= 

30® 

369 

46 

= 

90® 

= 

60® 

370 

47 

= 

90® 

= 

90® 

371 

48 

= 

90® 

= 

120® 

372 

49 

= 

90® 

= 

150® 

373 

50 

= 

90® 

180® 

374 

51 

= 

120® 

= 

0® 

375 

52 

= 

120® 

= 

30® 

376 

5.3 

= 

120® 

= 

60° 

377 

54 

= 

120® 

= 

90® 

378 

55 

= 

120® 

= 

1  20® 

379 

56 

= 

120® 

1  50° 

380 

57 

= 

120® 

= 

180® 

381 

58 

= 

150® 

0® 

382 

-  30  5  - 


INDMX 

(CONIT.  ) 

Table 

I'ltue 

50 

150“ 

383 

(>() 

=  150“ 

50“ 

384 

(>1 

=  150“ 

=  90“ 

385 

51* 

=  150“ 

=  120“ 

386 

f)5 

=  150“ 

=  150“ 

387 

54 

=  150“ 

=  180" 

388 

55 

=  180“ 

=  (;“-550“ 

389 

56-101 

Geometric  Factor  for 

Reflected  Solar  to  a  Flat  Plate 

56 

II 

O 

0“-550" 

391 

57 

=  50“ 

-  0“ 

392 

5H 

=  50“ 

=  50“ 

393 

50 

=  50“ 

=  50“ 

394 

70 

=  50“ 

=  90" 

395 

71 

=  50“ 

=  120“ 

396 

72 

=  50“ 

=  150“ 

397 

75 

=  50“ 

=  180“ 

398 

74 

=  50“ 

=  0“ 

399 

75 

=  50“ 

=  50" 

400 

76 

=  60“ 

=  fiO" 

40  1 

77 

=  60“ 

=  90" 

402 

78 

=  60“ 

=  120" 

403 

79 

=  50“ 

=  150" 

404 

HO 

=  50“ 

=  180" 

40  5 

HI 

=  90“ 

=  0" 

40  6 

82 

=  90“ 

=  50“ 

407 

85 

=  90" 

=  50" 

408 

H4 

=  90® 

=  90" 

409 

30  6  - 


. . . .  i  iluiui  n 


INDKX  (CONI.) 

I'ablo 


85 

a' 

90“ 

1  20“ 

86 

90“ 

1  50“ 

87 

= 

90“ 

= 

1  80“ 

88 

= 

120“ 

= 

0" 

89 

= 

120" 

- 

30" 

90 

= 

120" 

= 

00“ 

91 

= 

120“ 

= 

90" 

9:2 

120“ 

= 

1  20“ 

93 

= 

120“ 

= 

1  50“ 

94 

= 

1  20“ 

= 

180" 

95 

150“ 

= 

11" 

90 

= 

150“ 

= 

30" 

97 

= 

150“ 

- 

OC" 

98 

= 

1  50" 

= 

90“ 

‘)9 

= 

150" 

= 

1  20“ 

100 

= 

150“ 

1  >0° 

101 

s* 

150" 

1  80" 

-307- 


i'utjre 

410 

41 1 

412 

413 

414 

415 

416 

417 

418 

419 

420 

421 

422 
42  3 
424 
42  5 
42  6 


TABI£  I  PLANETARY  MTA 


Thermal  radiation  to  a  sphere  200  naut  mi  above  the  surface  of  Kars. 
200  X  1.916  «=  383.2  naut.  mi 
Prom  Fig.  3,  q/nr^E^  =  1,12 
Using  for  Ifers  gives  qA  r2  «  1|^,3  Btu/lir-ft2 


Figure  1.  Geometry  for  Planetary  Thermal  Emission  to  a  Sphere 
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Figure  2.  Geomotry  for  Planetary  Thermal  Radiation  to  a  Cylinder 


TABLE  3 

Gesmetrie  Factor  for  Thermal  Radiation  to  a  Cylinder 


V 

u 

U 

CJ 

00 

d 

A 

m 

0 

in 

0 

"i* 

Cl 

A  A 

r* 

00 

c- 

00 

4) 

0 

in 

CJ 

00 

0 

in 

CD 

in 

CD 

A 

0  h- 

h* 

A 

0 

K» 

0 

a 

h- 

00 

in 

m 

r- 

00 

in 

0 

0 

1* 

CO 

00  (O 

A 

f 

A 

to 

r- 

CJ 

0 

10 

in 

CO 

t'- 

00 

in 

lO 

tn 

cf 

10  10 

n 

Cl 

CJ 

eo 

m 

4» 

• 

« 

f 

• 

• 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

• 

• 

• 

• 

• 

0 

Pm 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0  0 

0 

0 

0 

0 

0 

0 

0 

D 

>3 

m 

tl 

41 

D 

41 

41 

•H 

U 

U 

41 

a 

-< 

< 

o  o  o  o  o 

CM  ^  <0  0> 


o  o  o  o  o 

CJ  '4'  <0  A 


o  o  o  o  o  o 

CM  ro  «  A 


o  o  o  o  o  o  o 

CM  lO  U)  «>  A 


a 

a 


o  o  o  o  o 
o  o  o  o  o 

to  <0  CO  <o  <o 


o  o  o  o  o 
o  o  o  o  o 
oa  CO  00  00  CO 


o  o  o  o  o  o 
o  o  o  o  o  o 
o  o  o  o  o  o 


o  o  o  o  o  o  o 

o  o  o  o  o  o  o 

o  o  o  o  o  o  o 

CM  CM  CM  CM  CM  CM  Cl 


W 

•H 

|4 

(« 

c« 

CM 

to 

0 

00 

00 

to 

m 

CM 

A 

A 

'll*  0 

C»  i-t  00 

00  A 

<0 

00  >>l 

to 

■p 

0 

to 

00 

A 

to 

in 

r- 

-M* 

tn 

A 

tn 

0 

GO 

CJ  f-t 

00  00  in 

'f  CM 

CM 

u 

to  A 

A 

4) 

•H 

0 

Cl 

in 

to 

CJ 

00 

0 

0 

CM 

00  CO 

CM  Cl  0 

M  CM 

F*< 

CM 

C-  to 

A 

a 

V 

•0 

tn 

■c 

CM 

CJ 

Cl 

CM 

m 

M  CM 

0>  Ot  Ok 

0  fN 

•  • 

t- 

r* 

r-  00 

A 

0 

« 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

» 

•  • 

•  •  • 

• 

• 

•  • 

• 

4) 

0 

be 

fH 

r-4 

fH 

000 

•*4  ^ 

0 

0 

0  0 

0 

9 

« 

•0 

• 

0 

« 

4^ 

« 

M 

•H 

U 

4J 

tl 

m 

41 

a 

•0 

-< 

“«! 

o  o  o  o  o 

CM  ''C  «0  A 


o  o  o  o  o 

CM  'M*  CO  A 


o  o  o  o  o 

CM  ^  CD  A 


o  o  o  o  o 

CM  ■M*  CO  A 


O  O  O  CO  O 
CM  ^  CO  A 


O  O  O  O  O 
^  ^  ^ 


o  o  o  o  o 

•O  ID  (O  ID  to 


O  O  O  O  O 

o  o  o  o  o 


o  o  o  o  o 
o  o  o  o  o 

CM  CM  CM  CM  CM 


O  O  O  O  O 

05055 


3  1  3  - 


w 


r 


hi 

o' 

PI  « 

ol  « 

4>!  ih 
O 


e\i<<rh>OK)<0ao>H 

oooooooo 


■♦» 

tt 

9 

u 


e 

-**1 

e 

o 

■H 

•P 

«d 


•O  >0 

9 

a 


•*» 

a 

o 

u 


M 

I 


9 

• 

v 

•H 

b: 

9 

d 

•d 

OOOOOOOO 
IH  CM  lO  U3  <0  Ok 


*1 

■9 

9 

■P 


OOOOOOOO 

oooooooo 

oooooooo 

««ak«k«h 

oooooooo 

CMMevieMCMNCMCM 


u 

o 

0 

o 

<1 

Ol 


« 

•Ol 

d 

•p 

•H 

Si 


»4 

o 

o 

tr 

o 

t' 

r- 

U3 

Ok 

to 

to 

M 

to 

r- 

Ok 

CO 

CJ 

to 

o 

o 

to 

CD 

CD 

to 

ID 

u> 

o 

o 

4^ 

o 

lO 

Ok 

o 

o 

to 

Q» 

to 

to 

tf 

00 

CJ 

to 

o 

o> 

p4 

d* 

to 

90 

OJ 

o 

CO 

u 

r- 

t- 

Oi 

9H 

to 

Ok 

90 

kO 

U3 

CD 

oo 

o 

90 

to 

ID 

r- 

Ok 

OJ 

to 

d* 

to 

to 

CD 

d 

Pbi 

o 

• 

o 

• 

o 

• 

fH 

• 

rH 

# 

• 

• 

• 

O 

• 

o 

• 

o 

• 

O 

• 

o 

» 

• 

• 

94 

• 

o 

• 

o 

• 

o 

• 

o 

• 

o 

• 

o 

• 

o 

• 

o 

• 

O 

ft 

o 

ft 

o 

ft 

o 

• 

o 

ft 

O 

ft 

>o 


« 

9 

h 

t4 

V 

•d 


oooooooo 

rH  C^l  ro  '4'  to  <o  Ok 


oooooooo 
•H  C4  to  'd  1/3  to  Ok 


o  o  o  o  o  o 

^  CM  ^  «0  Ok 


o  o  o  o  o  o  o 
>p  CM  n  'Of  lo  to 


O 

Ok 


•o 

0 


p 

r<k 


■ 

a 


oooooooo 

oooooooo 

oooooooo 


oooooooo 

oooooooo 

oooooooo 


o  o  o  o  o  o 
o  o  o  o  o  o 
o  o  o  o  o  o 


ooooooo  o 
ooooooo  o 
ooooooo  o 


«t040tDtOtOtO« 


00  00  09  <B  00  00 


ooooooo  o 


-  3  1  4 


Geometric  Factor  for  Theraal  Radiation  to  a  Hernia 


u 

u  r-tciiom 

2  o  o  M  n  «o  cj  '»•  r*  K5  Cl  o  K>  ^  oo  K»  >0  I/)  PI  c  Cl  ■<r  Cl 

H  ito  1C  *r  o  >~i  o  Cl  <— •  t*  »-<  r-  o  o  M  to  ic  ^  o  c- 

o  u  uj-rrOK)  •^ooot^wr’i-jcjci  oococ-oioic 

aj  td  ••••  «•••*•••••  ••••••• 

O  tvi  OOOO  r-i.-i«-t00c>0000  ocooooo 


oooo  oooooooooo 

CJ'<rr<000  ClCtDOOOCI^tDOO 

r-l  ^  r-l  r-t  ^  r-t 


o 


o  o  o  o  o  o 

CJ  T-  «0  CC  O  CM 


oooo  oooooooooo  ooooooo 

oooo  oooooooooo  ooooooo 

CMCidcjcjcjMejeMcj 


to 

M 

00  Cl 

w  ^  o  «o 

to 

r- 

o> 

00 

pH 

to 

Cl 

"O' 

CD 

o 

ro 

a 

I-I  tT  o  c- 

to 

o 

pH 

o 

LO 

c- 

O 

o 

h- 

c* 

o 

C-  1— 1  t-  C-  1C 

o 

Cl 

O 

pH 

00 

00 

Cl 

to 

to 

^  o 

00  t-  uj  -"r 

to 

Cl 

CJ 

o 

c* 

to 

TT 

to 

to 

Cl 

^  pH 

O'd'c^O'C^ 

pH 

pH 

pH 

o 

o 

o 

o 

o 

o 

pH 

oooooooooo 

CJTTOOOCI'^O® 


ci'^oooocj'rto® 


oooooooooo  OOOOOOOOOO  o 


100  20  1.2034  400  140  0.2623 

100  40  1.1323  400  160  0.1878 

100  60  1.0167  400  180  0.1577 

100  80  0.8706 

100  100  0.7117 


u 

n 

V 

c 

u 

o 


u 

r^ 

o 

Cl 

lO 

04 

o 

40 

o 

to 

c 

4^ 

Cl 

Cl 

««« 

c. 

o 

u 

10 

Cl 

o 

w 

• 

• 

4 

• 

• 

Cm 

o 

o 

o 

o 

o 

♦*•  •r'  <— <  O  •?'  lO  cr>  liT  C>  ••'5 

ri  .-<  01  Cl  o  o  Cl  t*  K5  Cl 

r*  K  lO  Cl  i-<  O  O  O 

•  ■•••«•••' 

oooooooooo 


ociciciooocor-i- 
o  »•*  o  or>  Ki  O  r-»  Cl  »o  <0 

ricii-<^»-<ooooo 

•  ••••••♦•• 

oooooooooo 


o  o  o  o  o 
o  Cl  ^  «9  ® 


oooooooooo 

ri^oeooci’pooo 


o 


oooooooo 

Cl  ^  O  00  O  Cl  1*  o 

rH  »-<  »H 


O 

00 


o  o  O  o  c 
o  o  o  o  o 


o  o  o  o  o 


o  o  o  o  o  o  o 

o  o  o  o  o  o  o 

o  o  o  o  o  o  o 

c\i  Cl  Cl  Cl  n  Cl  Cl 


o  o  o  o  o  o 

o  o  o  o  o  o 

o  o  o  o  o  o 

CJ  Cl  Cl  "I*  <0“ 


o  o  o  o  o  o  o 
o  c  o  o  o  o  o 
o  o  o  o  o  o  o 
^  ^  ^  ^ 


Cl  O  KJ  Cl  0»  00  O  to 
OOf-^OOCIt^C'OO'^O 
lO»HOOtOCIOO-^<-< 
ao®c*tOio^tocj*^*H 
•  ua**>*«** 

O  OOOOOOOOO 


r-»tOOlOOClC»<H 

M  C-  'I*  O  'C'  O  fh  Cl 

'ccir-cocor~®r- 

t-l'*«9l0'O*t0CliM 

OOOOOOOO 


o>  00  Cl  o>  to 

i-»  O  Cl  to  lO  o» 

rH  ®  to  to  O  Cl  CJ 

I-I  O  to  O  (O  lO  '4* 

•  •  »  •  •  *  • 

O  O  O  O  O  O  o 


OOOOOOOOOO 
CJ^OOOO  CJ^tOOO 


OOOOOOOOOO 

ci'«roeoo  cjt^ooo 


O  o  o  o  o 
Cl  '<r  to  CO 


TABLE  4  (CoDtinutd) 

Geonetrie  Factor  for  Thermal  Radiation  to  a  Hemisphere 


o 

u 

u 

to 

o 

KJ  ro 

Cl 

« 

o 

#*4 

Cl 

QO 

o 

Id 

to 

r- 

o 

o 

cn 

^  r-* 

o 

o 

to 

Cl 

o 

lO 

Cl 

o 

o 

D 

o 

o  o 

o 

Cl 

M 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o  o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

d 

• 

• 

•  • 

• 

• 

• 

* 

• 

• 

• 

• 

• 

• 

• 

tr 

Cki 

o 

o 

o  o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

« 

•c 

a 

d 

«) 

•f4 

u 

c 

•ti 

O  O  O  O  O 
O  CJ  r>  «  OO 


OOOOOOOOOO 
c)  <o  CO  o  Cl  ^  to  CO 


0 

■*» 


o  o  o  o  o 

o  o  o  o  o 

o  o  o  o  o 

*  M  »  «t  «« 

m  to  Id  to  (O 


OOOOOOOOOO 

OOOOOOOOOO 

OOOOOOOOOO 

OOOOOOOOOO 
Cl  Cl  IM  CJ  Cl  Cl  Cl  Cl  Cl  W 


l4 

c* 

<-•1 

■tc 

to 

30  to 

c 

id 

o 

Cl 

CO 

to 

CO 

to  Cl 

4J 

r) 

lO 

CJ 

o 

00 

to 

to 

o  o 

fH 

o 

o 

o 

o 

o  o 

d 

• 

• 

• 

• 

« 

• 

• 

• 

*  ♦ 

Ph 

o 

o 

o 

o  o 

o 

o 

o 

o  o 

o 

^  « 

•d 

W  «l 

u 

•H 

r-tl  M 

td  Cl 

V 

C|  ts 

< 

OOOOOOOOOO 

CJ'«i"«COOCI'J*«DCO 


^l‘0<CltOOO.-tOOCI 

t^COr^OrfO'CCI^f^ 

0®t30«£>IOtOCIr-iOO 

OOOOOOOOOO 

♦  •♦♦•••••• 

OOOOOOOOOO 


o  o  o»  »o 

^  M  O  to  O 

to  M  to  Cl  Cl 

o  o  o  o  o 

*  •  •  w  • 

o  o  o  o  o 


OOOOOOOOO 

Cl’VtCCOOCI'J'tO® 

fm4  ,.-5  ^  |«>4 


O  O  O  o  o 
Cl  'C  to  00 


« 


OOOOOOOOOO 

OOOOOOOOOO 

OOOOOOOOOO 

(CtOOtOtOOOOOtO 


OOOOOOOOOO 

OOOOOOOOOO 

OOOOOOOOOO 

COOOOUOOaOCUOQCOOOCO 


O  O  o  o  o 

o  o  o  o  o 

o  o  o  O  o 

fi>  to  irt  ift  to 


3 1  a 


i 


ruAT  PLATE 
APEA  P 


VJORW^AL 


Geonetric  Factor  for  Thermal  Radiation  to  aflat  Plate 


o 

B  ** 
o  u 

o  u. 


^  ^^7 

•O  w  «i 

3  O 

V  In 
•«N  l-f  t( 

■*»  fel  • 

4*  a  >3 

<  < 


r*  <o  r-  i-<  «o  o 

K5  "T  lo  <o  in  w  o 

in  <o  o  in  Cl  o  o 

Cl  pH  f-t  o  o  o  o 


oooini-t-ooinrteMTrinoi-inwtH 

voocipj*ooopHinpH>-H004‘pHPHNfpH 

VinOii-iiooooejKsinc-oiKSoo^'pHO 

cie>aoa9r'(0«in4‘mci>M^oooo 


o  o  o  o  c  o  o 
PH  Cl  «  'j*  in  <o 


ooooooooooooooooo 

pHciio*riniot'>oooiOpHCitnHrMO 


4>  • 

pH  d 

<  w 


o  o  o  o  o  o  o 
in  in  in  in  in  m  Id 


ooooooooooooooooo 

ooooooooooooooooo 


■*>  In 

w  o 

B  4> 

o  n 

«  4 

U  f** 


ooOHj«ci«OHt<®in<oooininmocMcir-  oeoio4*o*pHCi»-pHci4* 

Hcoo<oocM«oHroopH04'o»oaom«DpH  pHcocoociooinomo 

ciooinOHHooociminooooHj'ooHi'pHO  iHiopH«oonio«oiHO»pH 

c»o>ooooc-c-«oin'<i<toeMCMpHoooo  oooiaoaor'Oin^'tnin 


000000000^00000000 
pHCJMHfinor^oooiOpH  cim^’inor- 


ooooooooooo 

pHCiiOHj'inor-aooo 


fai  «l 

Hi) 


©ooooooooooooooooo  ooooooooooo 
^(-hphphphiphpHphphphphphphphphphphph  inioiommininicinioid 


3  20  - 


O  t'  00  10  lO 

O  'T  0>  O 

<0  O  UO  Cl  o  o 

<-i  o  o  o  o 


o 

o 

O 

o 

4- 

Cl 

IO 

IO 

Cl 

ID  IO 

(9 

40  C4 

e> 

r- 

«o 

4* 

o 

IO 

o 

Cl 

IO  IO 

00 

^  Cl 

M 

so 

to 

IO 

00 

o 

Cl 

V 

00 

41  4« 

IO 

»-•  O 

4- 

(O 

iO 

lO 

»l* 

IO 

Cl 

•H  O 

o 

O  O 

o  o  o  o  o  o 

O  «-H  Cl  lO  ^  lO 


ooooooooooooooo 
_  ^  ^  ^  ^  ^ 


•>4Cjio'4'iA(ot«aoe»o 


o  o  o  o  o  o 
o  o  o  o  o  o 

<o<  ^  ^  ^  ^  ^ 


oooooooo 

oooooooo 

io«ttoet0o« 


o  o  o  o  o  e  o 
o  o  o  o  o  o  o 

«o  <0  <o  (o  e  «>  40 


oo  ior>ciu3ciio 
too  o>aoc>aoioo 

OOO  IOC>OCI«f<Cl 

coco  oor>r-«ou)^ 


Mb>i-400t-lOOCIO 

<oiA'H'Coo^ioino 

t*>O<MU0>U0CJOO 

lOCIOIf-lOOOOO 


OOO  ^WWi^C»lOI>» 
cjoro  i/>  e-i  n  i-i  ot  o  to 
OOOIO  OCI'CO»-OW 
oot>r»  ooio^ioioM 


o  o 


oooooooo oooooooo 
^ci40^i040c*aqoo>-fdio^u}<o 


ooooooooOC 

r4ciio^ie4ec>aooi 


S22222®®®®®®®oooo 

ooooooooooooooooo 

cicicici<McicjciciciciMC4cieiie>ici 


22222®2®®o 


-321- 


Geometric  Factor  for  Thtraal  Radlattcn  to  *  Flat  Plate 


h 

♦>  U 
o  e 

B  4* 

o  w 

4)  d 
U  h 


OMOoiAiOi-4c>'<fooi^i^  ooomoiooeioMOio 

<-4d*<or*tfr'CM<o«-4cicjcjN 

oor'd'ou>o^o«oioi-io  >-ti-ioao«OKior»d*c'ioo 
d'»OIOIOMCMC|<-4<-tOOOO  eiMeM»-i»H»^»-)00000 


®  • 

•d  * 

P  .  *> 

■4*  ul  « 

■*»  Cl  •« 

<  «<l 


ooooooooooooo 

i-HNWd‘w<or-ooo>Oi-«eM 


oooooooooooo 

ri«Nio'ru3<or>aoo>o>H 


ooooooooooooo 

ooooooooooooo 

ooooooooooooo 


oooooooooooo 

oooooooooooo 

oooooooooooo 


CICievICMClMClCieMOIOCNIN 


'rd'd*d*d*d*«4*d*d‘d*'d‘d' 


oooot'oooootor-ood'd' 

,_t^_icMd'0'^'HC4or-'ioior-o 

OU}(Mr-0»OlOOO<-«tOO>l/)CMOO 

OOOlOlOd’tOOJCMi-lOOOOO 


oomo  O(0'<f(0>-HN 
OF^'i'o  o>ot-r-wo 
ootoci  inoo.-4d‘oocj 

oipinip  'i'loiooji-ii-i 


J|S 


ooooooooooooooo 

i-(e'Jto'<rw«r»ooo>OrHeMM*f 

1^  fH  f^ 


oooooooooo 

F4CMio'<rio«or>aoo> 


• 

F-)  a 
•< 


ooooooooooooooo 

ooooooooooooooo 

aoaoaoooaoQocoooaoooaoeooooooo 


oooooooooo 

oooooooooo 

oooooooooo 


-  3  2  2  - 


If 


1,000  100  .0789 
1,000  110  .0423 
1,000  120  .0172 
1,000  130  .0037 
1,000  140  .0000 


Geometric  Factor  for  Thernal  Radiation  to  a  Flat  Plate 


«o  I/)  <o  cn  DO 

»0  'I*  <“•  o  o 

O  <0  <0  lO  U3 

o  o  o  o  c 


'«*  « 
o  o 


9a 

<0 

VI 

10 

Cl 

KJ 

iT" 

to 

0 

® 

-1* 

CO 

Cl 

to 

0 

0 

QO 

iO 

n 

0 

r» 

K) 

0 

Cl 

0 

0 

CJ 

CJ 

C  1 

0 

0 

0 

0: 

0 

0 

0 

0 

0 

0 

0 

Q 

0 

0 

0 

0 

0 

• 

tt 

«» 

4> 

« 

ti 

•P 

ta: 

t) 

q 

•0 

<3 

00000000000 

»HCJ*0'}*w«or-«<»o 


0000000000 

#“«eiK>'i*i/>«or*wo» 


0 

0 

4 


000 

000 

000 


00000000 

00000000 

oooooooo 


oOOOOOOOOO 

oOOOOOOOOO 

oOOOOOOOOO 


OOOOOOOOOOO 


oOOOOOOOOO 
CJ  Cl  CJ  (M  N  M  Cl  <M  N  N 


cii-<o»ooujw’eu9C«^o 

IO<-<U)U)(MU3<OIOtOOCJO 

tOIOCliHOCOO'^Cl'^OO 

r-<i-Hi-<»H(-lOOOOOOO 


tncii^w^cjioowooo 

ooioooe>wio»H«oioo 

ooococ*oo'i'r><-ioo 

OOOOOOOOOOO 


0 

« 

<N.^ 

• 

0 

• 

u 

b£ 

tc 

«» 

a 

•o 

000000000000 

f-«eiic<*w<or»®c»Or-t 


OOOOOOOOOOO 

i-icjKS'i*iij«or*oo»o 


0 

a 


000000000000 

©OOOOOOOOOOO 

OOOOOOOOOOOO 


OOOCDOCOOOOOOO 


oOOOOOOOOOO 

OOOOOOOOOOO 

oOOOOOOOOOO 

®  gonOOOnOOflRWOD 


3  2  3  - 


Table  6.  Geometi'ic  Factor  for  Reflected  Solar  Radiation  to  a  Sphere 


Aliitud* 

•0* 

r 

Altitude 

e* 

F 

o» 

degrees 

a. 

degreee 

60 

0 

1.0661 

200 

0 

1.3393 

60 

10 

1.6408 

200 

10 

1.3190 

60 

20 

1.5666 

200 

20 

1.2585 

60 

30 

1.4429 

200 

30 

1.1599 

60 

40 

1.2763 

200 

40 

1.0260 

SO 

60 

1.0710 

200 

50 

O.OCOO 

60 

60 

0.8331 

200 

60 

0.6697 

60 

70 

0.6698 

200 

70 

0.4580 

50 

80 

0.2893 

200 

80 

0.2334 

60 

85 

0.1484 

200 

85 

0.1231 

50 

88 

0.0609 

200 

88 

0.0649 

60 

00 

0.0162 

200 

90 

0.0358 

200 

100 

0.0017 

80 

0 

1.5767 

80 

10 

1.5518 

600 

0 

1.0070 

80 

20 

1.4807 

600 

10 

0.9917 

80 

30 

1.3046 

500 

20 

0.9463 

80 

40 

1.2071 

600 

30 

0.8721 

80 

SO 

i.0129 

500 

40 

0.7714 

80 

60 

0,7879 

500 

50 

0.6473 

80 

70 

0.5380 

500 

60 

0.5035 

80 

80 

0.2736 

600 

70 

0.3448 

80 

85 

0.1383 

500 

80 

0.1818 

80 

88 

0.0609 

500 

85 

0.1080 

80 

90 

0.0209 

500 

88 

0.0713 

80 

100 

0.  0003 

500 

90 

0.0516 

600 

100 

0j007O 

100 

0 

1.6269 

100 

10 

1.5027 

800 

0 

0.8053 

100 

20 

1.4339 

800 

10 

0.7031 

100 

30 

1.3215 

800 

20 

0.7S68 

100 

40 

1.1689 

800 

30 

0.6974 

100 

60 

0.9808 

800 

40 

0.6160 

100 

60 

0.7630 

800 

50 

0.5177 

100 

70 

0.5219 

800 

60 

0.4027 

100 

80 

0.2650 

800 

70 

0.2772 

100 

86 

0.1346 

800 

80 

0.1527 

100 

88 

0.0613 

800 

85 

0.098S 

100 

90 

0.0241 

800 

88 

0.0714 

100 

100 

0,  0008 

800 

90 

0.0561 

800 

100 

0.0129 
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Table  6.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Sphere  (Cont) 


Al iitud* 

05 

r 

Altitude 

05 

F 

n.  ■. 

degrees 

a* 

degrees 

7000 

0 

0.0910 

10000 

0 

0.0523 

7000 

10 

0.0896 

10000 

10 

0.0516 

7000 

20 

0.0855 

10000 

20 

0.0491 

7000 

30 

0.0788 

10000 

30 

0.0453 

7000 

40 

0.0700 

10000 

40 

0.0404 

7000 

SO 

0.0597 

10000 

50 

0.0347 

7000 

60 

0.0480 

10000 

60 

0.0206 

7000 

70 

0.0375 

10000 

70 

0.0226 

7000 

80 

0.0273 

10000 

80 

0.0168 

7000 

85 

0.0226 

10000 

85 

0.0142 

7000 

88 

0.0201 

10000 

88 

0.0127 

7000 

90 

0.0184 

10000 

90 

0,0118 

7000 

100 

0.0119 

10000 

100 

0.0078 

8000 

0 

0.0743 

12000 

0 

0.0387 

8000 

10 

0.0732 

12000 

10 

0.0381 

8000 

20 

0^0698 

12000 

20 

0.0364 

8000 

30 

0.0644 

12000 

30 

0.0338 

8000 

40 

0.0673 

12000 

40 

0.0300 

8000 

50 

0.0489 

12000 

50 

0.0258 

8000 

60 

0.0400 

12000 

60 

0.0214 

8000 

70 

0.0311 

12000 

70 

0.0169 

8000 

80 

0.0228 

12000 

80 

0.0128 

8000 

85 

0.0191 

12000 

85 

0.0109 

8000 

88 

0.0170 

12000 

88 

0.0098 

8000 

90 

0.0157 

12000 

90 

0.0091 

8000 

100 

0.0102 

12000 

100 

0.0061 

0000 

0 

0.0618 

15000 

0 

0.0264 

9000 

10 

0.0609 

15000 

10 

0.0260 

9000 

20 

0.0581 

15000 

20 

0.0249 

9000 

30 

0.0536 

15000 

30 

0.0230 

9000 

40 

0.0477 

15000 

40 

0.0206 

9000 

SO 

0.0409 

15U00 

50 

0.0178 

9000 

60 

0.0336 

15000 

60 

0.0148 

9000 

70 

0.0263 

15000 

70 

0.0118 

9000 

80 

0.0195 

15000 

80 

0.0090 

9000 

85 

0.0164 

15000 

85 

0.0078 

9000 

88 

0.0146 

15000 

88 

0.0070 

9000 

90 

0.0135 

15000 

90 

0.0065 

9000 

100 

0.0089 

15000 

100 

04)045 
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Table  6 


Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Sphere  (Cont) 


Alii  tad* 

e. 

F 

n* 

d«gro« 

18000 

0 

0.0192 

18000 

10 

0.0180 

18000 

20 

0.0181 

18000 

30 

0.0167 

18000 

40 

0.0150 

18000 

SO 

0.0130 

18000 

60 

0.0100 

18000 

70 

0.0088 

18000 

80 

0.0008 

18000 

85 

0.0058 

18000 

88 

0.0053 

18000 

00 

0.0040 

18000 

100 

0.0034 

3  2  8  - 


Figure  6.  Geometry  for  Planetary  Reflected  Solar  Radiation  to  a  Cylinder 
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Table  7.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinder 

y'  -  0*(vertical)  ,  ®  -300* 


Al tl tuds 

F 

\1  tl tuda 

% 

F 

n.  B. 

degriiiaa 

n.  B. 

dagraat 

100 

0 

1.1160 

1000 

70 

0.1300 

100 

20 

1 .0487 

1000 

80 

0.0766 

100 

30 

0.0066 

1000 

85 

0.0540 

100 

40 

0.8S49 

1000 

90 

0.0354 

100 

SO 

0.7174 

1000 

95 

0.0212 

100 

00 

0.SS80 

3000 

0 

0.0951 

100 

70 

0.3817 

3000 

20 

0.0896 

100 

80 

0.1010 

3000 

30 

0.0827 

100 

85 

0.0966 

3000 

40 

0.0733 

100 

00 

0.0206 

3000 

SO 

0.0610 

100 

06 

0.0016 

3000 

00 

0.0496 

300 

0 

0.7074 

3000 

70 

0.0371 

300 

20 

0.7493 

3000 

80 

0.0200 

300 

30 

0.6906 

3000 

85 

0.0211 

300 

40 

0.6108 

3C00 

90 

0.0166 

300 

so 

0.S126 

3000 

95 

0.0127 

300 

60 

0.3987 

6000 

0 

0.0200 

300 

70 

0.2719 

0000 

20 

0.0245 

300 

80 

0.1380 

0000 

30 

0.0227 

300 

8S 

0.0787 

0000 

40 

0.0202 

300 

00 

0.0336 

6000 

so 

0.0173 

300 

06 

0.0100 

6000 

00 

0.0143 

000 

0 

0.5S27 

6000 

70 

0,0113 

000 

20 

O.SlOO 

0000 

80 

0.0085 

000 

30 

0.4704 

6000 

85 

0.0073 

000 

40 

0.4244 

6000 

90 

0.0001 

000 

60 

0.3S6S 

0000 

95 

0.0050 

000 

00 

0.2772 

10000 

0 

0.0082 

000 

70 

0.1898 

10000 

20 

0.0077 

000 

80 

0.1037 

10000 

30 

0.0071 

000 

85 

0.0667 

10000 

40 

U.0064 

ooo 

90 

0.0378 

10000 

so 

0.0056 

000 

OS 

0.0182 

10000 

00 

0.0047 

1000 

0 

0.3723 

10000 

70 

0.0038 

1000 

20 

0.3604 

10000 

80 

0.0030 

1000 

30 

0.3232 

10000 

8S 

0.0026 

1000 

40 

0.2861 

10000 

90 

0.0022 

1000 

60 

0.2404 

10000 

96 

0.0019 

loco 

00 

0;  1873 
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Tabl'e  8. 


rabl'e  8.  G 

eometr  ic 

Factor  for 

Reflected  Solar  Radiation  to  a 

30*, 

.  0* 

Al tl iuda 

F 

Alt! iuda 

Q.  ■. 

dograai 

1 

n. 

dagreea 

100 

0 

1.  1311 

1000 

70 

100 

20 

1. 0601 

1000 

80 

100 

30 

0.  9755 

1000 

86 

100 

40 

0.  8813 

1000 

90 

100 

50 

0.  7208 

1000 

95 

100 

60 

0.  5585 

3000 

0 

100 

70 

0.  3792 

3000 

20 

100 

80 

0.  1881 

3000 

30 

100 

85 

0.  0914 

3000 

40 

100 

90 

0.  0153 

3000 

SO 

100 

95 

0.  0012 

3000 

60 

300 

0 

0.  8453 

3000 

70 

300 

20 

0.  7882 

3000 

80 

300 

30 

0.  7231 

3000 

86 

300 

40 

0.  8360 

3000 

90 

300 

50 

0.  5296 

3000 

95 

300 

60 

0.  4072 

6000 

0 

300 

70 

0.  2716 

6000 

20 

300 

SO 

0.  1300 

6000 

30 

300 

85 

0.  0664 

6000 

40 

300 

00 

0.  0232 

6000 

50 

300 

95 

0.  0068 

6000 

60 

600 

0 

0.  6052 

6000 

70 

600 

20 

0.  5607 

6000 

80 

600 

30 

0.  5125 

6000 

85 

600 

40 

0.  4486 

6000 

90 

600 

50 

0.  3712 

6000 

95 

600 

60 

0.  2824 

10000 

0 

600 

70 

0.  1853 

10000 

20 

600 

80 

0.  0901 

10000 

30 

600 

85 

0.  0510 

10000 

40 

600 

90 

0.  0245 

10000 

50 

600 

95 

0.  0109 

10000 

60 

1000 

0 

0.  4325 

10000 

70 

1000 

20 

0.  3973 

10000 

80 

1000 

30 

0.  3613 

10000 

85 

1000 

40 

0.  3143 

10000 

90 

1000 

50 

0.  2577 

lOOOO 

95 

1000 

60 

0,  1930 

Cylinde  r 


F 


0. 12Si 
0.0628 
0.0386 
0.0218 
0.0116 
0.1462 
0. 1312 
0. 1176 
0.1003 
0.0804 
0.0595 
0.0396 
0.0230 
0.0165 
0.0114 
0.0076 
0.0578 
0.0518 
0.0464 
0.0397 
0.0324 
0.0248 
0,0178 
0. 0118 
0.  0093 
0. 0071 
0. 0054 
0.  0260 
0. 0235 
0. 0212 
0. 0184 
0.  0153 
0.  0122 
0. 0092 
0.  0065 
0.  0054 
0.  0044 
0.  0035 


-331- 


ron,i|I^WwiiH(Pnpi 


1'^*  f’TV^T^^* 


Table  9.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinder 

^  -  30* 


Alt! tude 

F 

n.  ■. 

do($ree« 

100 

0 

1.1311 

100 

20 

1  .0606 

100 

30 

0  .9761 

100 

40 

0.8620 

100 

SO 

0.7217 

100 

60 

0.5595 

100 

70 

0.3802 

100 

80 

0.1892 

100 

85 

0.0924 

100 

90 

0.0161 

100 

9S 

0.0013 

300 

0 

0.8453 

300 

20 

0 .7890 

300 

30 

0.7243 

300 

40 

0.6375 

300 

50 

0.5314 

300 

60 

0.4092 

500 

70 

0.2738 

300 

80 

0  J324 

300 

85 

OJ0687 

300 

90 

0.0250 

300 

95 

0.0074 

600 

0 

G.6054 

600 

20 

0.5621 

600 

30 

0.5144 

600 

40 

0.4510 

600 

50 

0.3739 

600 

60 

0.2855 

600 

70 

0.1836 

600 

80 

0.0934 

600 

85 

0.0540 

600 

90 

0.0269 

600 

95 

0.0123 

IGOO 

0 

0.4327 

1000 

20 

0.3988 

1000 

30 

0.3634 

1000 

40 

0.3169 

1000 

50 

0.2607 

1000 

60 

0,1964 

(j>^m  30* 


A1 tl tud* 

^4 

F 

n.  a. 

degrees 

1000 

70 

0.1288 

1000 

80 

0.0664 

1000 

86 

0.0419 

1000 

90 

0.0245 

1000 

96 

0.0135 

3000 

0 

0.1463 

3000 

20 

0.1322 

3000 

30 

0.1189 

3000 

40 

0.1020 

3000 

50 

0.0824 

3000 

60 

0.0617 

3000 

70 

0.0410 

3000 

80 

0.0252 

3000 

86 

0.0185 

3000 

90 

0.0132 

3000 

95 

0.0091 

6000 

0 

0.0678 

6000 

20 

0.0522 

6000 

30 

0.0469 

6000 

40 

0.0404 

6000 

60 

0.0332 

6000 

60 

0.0257 

6000 

70 

0*0187 

6000 

80 

0.0126 

6000 

86 

0.0100 

6000 

90 

0.0078 

6000 

05 

0.0060 

10000 

0 

04)261 

10000 

20 

0.0237 

10000 

30 

0.0214 

10000 

40 

0.0187 

10000 

50 

04)156 

10000 

60 

0.0125 

10000 

70 

04)095 

10000 

80 

04)068 

10000 

85 

04)066 

10000 

00 

04)046 

10000 

95 

04)037 

iiukin irW>Xf^W 
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Table  10,  Gecmeti-ic  Factor  for  Reflected  Solar  Radiation  to  a  Cylinde 

^  -  30»,  <f>^-  60* 


Al  tl  tud« 

F 

A1 tl tnde 

0-5 

F 

D. 

decree* 

n.  a. 

degc*'** 

100 

0 

1.1311 

1000 

70 

0.1386 

100 

20 

1.061S 

1003 

80 

0.0759 

100 

30 

0.9776 

1000 

86 

0.0505 

100 

40 

0.8839 

1000 

90 

0.0314 

100 

SO 

0.7240 

1000 

95 

0.0182 

100 

60 

0.5620 

3000 

0 

0.1 466 

100 

70 

0.3830 

3000 

20 

0.1348 

100 

80 

0. 1920 

3000 

30 

0.1226 

100 

85 

0.0053 

3000 

40 

0.1067 

100 

90 

0.0181 

3000 

50 

0.0880 

100 

95 

0.0014 

3000 

60 

0.0678 

300 

0 

0.8453 

3000 

70 

0.048G 

300 

20 

0.7912 

3000 

80 

0.0309 

300 

30 

0.7276 

3000 

85 

0,0237 

300 

40 

0.6418 

3000 

90 

0.0178 

300 

50 

0.5365 

3000 

95 

0.0129 

300 

GO 

0.4149 

6000 

0 

0.0579 

300 

70 

0.2800 

6000 

20 

0.0532 

300 

80 

0.1387 

6000 

30 

U.0484 

300 

85 

0.0748 

6000 

40 

0.0423 

300 

90 

0.0294 

6000 

60 

0.0353 

300 

95 

0.0087 

6000 

60 

0.0280 

600 

0 

0.6062 

6000 

70 

0,0210 

600 

20 

0.5660 

6000 

80 

0.0147 

600 

30 

0.S197 

6000 

85 

0.0120 

600 

40 

0.4576 

6000 

90 

0.0096 

600 

SG 

0.3815 

6000 

95 

0=0075 

600 

60 

0.2938 

10000 

0 

0.0261 

600 

70 

0.1975 

10000 

20 

0.0241 

600 

80 

0.1022 

10000 

30 

0.0220 

600 

85 

0,0621 

10000 

40 

0.0194 

600 

90 

0.0330 

10000 

SO 

0.0164 

6C0 

95 

0.0156 

10000 

60 

0.0133 

1000 

0 

0.4333 

10000 

70 

0.0103 

1000 

20 

0.4030 

10000 

80 

0.0070 

1000 

30 

0.3691 

10000 

85 

0.0063 

1000 

40 

0.3240 

10000 

90 

0.0052 

1000 

SO 

0,^2690 

10000 

95 

0.0042 

lOOC 

60 

0,2057 

Table  11.  Cleometric  Factor  for  Reflected  .Golar  Radiation  to  a  Cylii'ider 


^  -  30,  .  90* 


Al tl iude 

F 

Alii tud* 

F 

a.  «. 

degre«$ 

n.  a. 

decrees 

100 

0 

1. 1312 

1000 

70 

0.1320 

100 

20 

1.0029 

1000 

eo 

0.0884 

100 

30 

0.9796 

1000 

85 

0.0613 

100 

40 

0. 8665 

lOUO 

90 

0.0394 

100 

SO 

0.7271 

1000 

95 

0.0230 

100 

60 

0. 5656 

ZOOU 

0 

0.1469 

100 

70 

0. 3868 

3000 

20 

0.1384 

100 

80 

0. 1959 

3000 

30 

0.1277 

100 

8S 

0.  0992 

3000 

40 

0.1132 

100 

90 

0.0205 

3000 

SO 

0.0955 

100 

05 

0. 0015 

3000 

60 

0.0760 

300 

0 

0.8453 

3000 

70 

0.0562 

300 

20 

0. 7943 

3000 

80 

0.0382 

300 

30 

0. 7320 

3000 

85 

0.0302 

300 

40 

0.6475 

3000 

90 

0.0232 

300 

50 

0. 5433 

3000 

95 

0.0172 

300 

60 

0.4226 

6000 

0 

0.CS80 

300 

70 

0.2884 

6000 

20 

0.0547 

300 

80 

0.1473 

6000 

30 

0.0505 

300 

8S 

0.0828 

6000 

40 

0.0449 

300 

90 

0.0344 

6000 

SO 

0.0383 

300 

95 

0.0101 

6000 

60 

0.0311 

600 

0 

0.6077 

6000 

70 

0,0240 

600 

20 

0.5716 

6000 

80 

0.0174 

600 

30 

0.5271 

6000 

85 

0.0144 

600 

40 

0.4666 

6000 

90 

0.0117 

600 

50 

0.3919 

6000 

95 

0.0093 

600 

60 

0.3053 

lOOOO 

0 

0.0261 

600 

70 

0.2096 

10000 

20 

0.0246 

600 

80 

0.1140 

10000 

30 

0.0228 

600 

86 

0.0725 

10000 

40 

0.0203 

000 

90 

0.0401 

10000 

50 

0.0175 

000 

95 

0.0180 

10000 

60 

0.0145 

1000 

0 

0.  4344 

10000 

70 

0.0114 

1000 

20 

0.4088 

10000 

80 

0.0086 

1000 

30 

0.3771 

10000 

85 

0.0072 

1000 

40 

0.3339 

10000 

90 

0.0060 

lOUO 

50 

0.2805 

10000 

96 

0.0049 

1000 

60 

0  2185 
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Table  12.  Geometric  Factor 


for  Reflected  Solar  Radiation  to  a  Cylinder 


^  -  30», 


Al tl tud* 

F 

n.  a. 

dei;reea 

100 

0 

1.1312 

100 

20 

1.0643 

100 

30 

0.9816 

100 

40 

0.8691 

100 

50 

0.7302 

100 

60 

0.5691 

100 

70 

0.3907 

100 

80 

0.1998 

100 

8S 

0.1030 

100 

00 

0,0222 

100 

OS 

0.0016 

300 

0 

0.8453 

300 

20 

0.7974 

300 

30 

0.7366 

300 

40 

0.6533 

300 

SO 

0.5502 

300 

no 

0.4304 

300 

70 

0.2968 

300 

80 

0.1557 

300 

85 

0.0903 

300 

90 

0.0383 

300 

95 

0.0109 

600 

0 

0.6099 

600 

20 

0.5779 

600 

30 

0.5352 

600 

40 

0.4762 

600 

50 

0.4028 

600 

60 

0.3170 

600 

70 

0.2219 

600 

80 

0.1254 

600 

85' 

0.0819 

600 

90 

0.0457 

600 

05 

0.0213 

1000 

0 

0.4360 

1000 

20 

0.4151 

1000 

30 

0.3854 

1000 

40 

0.3440 

1000 

50 

0.2922 

1000 

60 

0.2314 

^  •  120* 


Alii iud* 

F 

n.  ■. 

1000 

degrtes 

70 

0.1653 

1000 

80 

0.1001 

1000 

85 

0.0709 

1000 

90 

0.0457 

1000 

96 

0.0266 

3000 

0 

0.1475 

3000 

20 

0.1422 

3000 

30 

0.1330 

3000 

40 

0.1197 

3000 

50 

0.1031 

3000 

60 

0.0840 

3000 

70 

0.0040 

3000 

80 

O.,0440 

3000 

86 

0..0356 

3000 

90 

0.0276 

3000 

95 

0.0205 

6000 

0 

0.0582 

6000 

20 

0.0561 

6000 

30 

0.0525 

6000 

40 

0.0474 

6000 

50 

0.0412 

6000 

60 

0.0341 

6000 

70 

0,0268 

6000 

80 

0.0198 

6000 

85 

0.0165 

6000 

90 

0.0135 

6000 

95 

0.0108 

10000 

0 

0.0262 

10000 

20 

0.0252 

10000 

30 

0.0235 

10000 

40 

0.0213 

10000 

50 

0.0186 

10000 

60 

0.0156 

10000 

70 

0.0125 

10000 

80 

0.0095 

10000 

85 

0.0081 

10000 

00 

0.0068 

10000 

95 

0.0056 

Table  13.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinder 

il'  -  30»,  <P^m  160* 


A1 tl tude 

F 

A1 tl tude 

F 

n.  B. 

decrees 

Be  M « 

degrees 

100 

0 

1.1312 

1000 

70 

0.1749 

100 

20 

1.06S4 

1000 

80 

0.1080 

100 

30 

0.9831 

1000 

86 

0.0768 

100 

40 

0.8710 

1000 

90 

0.0494 

100 

SO 

0.7325 

1000 

96 

0.0285 

100 

60 

0.5710 

3000 

0 

0.1480 

100 

70 

0.3934 

3000 

20 

0.1451 

100 

80 

0.2027 

3000 

30 

0.1369 

100 

8S 

0.1058 

3U00 

40 

0.1246 

100 

90 

0.0231 

3000 

50 

0.1086 

100 

96 

0.0016 

3000 

60 

0.0897 

300 

0 

0.84S3 

3000 

70 

0.0692 

300 

20 

0.7996 

3000 

80 

0.0486 

300 

30 

0.7398 

3000 

85 

0.0390 

300 

40 

0.637S 

3000 

90 

0.0301 

300 

SO 

0.SSS2 

3UOO 

95 

0.0225 

300 

00 

0.4360 

6000 

0 

0.0583 

300 

70 

0.3029 

6000 

29 

0.0572 

300 

80 

0.1618 

6000 

30 

0.0541 

300 

85 

0.0955 

6000 

40 

0.0493 

300 

90 

0.0405 

6000 

60 

0.0432 

300 

9S 

0.0113 

6000 

60 

0.0362 

600 

0 

0.6124 

6000 

70 

0,0288 

600 

20 

0.5833 

6000 

80 

0.0214 

600 

30 

0.5418 

6000 

85 

0.0179 

600 

40 

0.4838 

6000 

90 

0.0147 

600 

SO 

0.4111 

6000 

95 

0.0117 

600 

60 

0.3259 

10000 

0 

0.0262 

600 

70 

0.2310 

10000 

20 

0. 0266 

600 

80 

0.1334 

10000 

30 

0.  0241 

600 

86 

0.0879 

10000 

40 

0.  0220 

600 

90 

0.0489 

10000 

50 

0.  0193 

600 

9S 

0.0225 

10000 

60 

0.  0163 

1000 

0 

0.4379 

10000 

70 

0.  0132 

1000 

20 

0.4202 

10000 

80 

0.  0101 

1000 

30 

0.3920 

10000 

85 

0.  0086 

1000 

40 

0.3510 

10000 

90 

0.  0072 

1000 

so 

0.3011 

10000 

95 

0.  0060 

1000 

60 

0.2410 
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Table  14.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinder 


Al ti tud« 

Si. 

30*, 

F 

180* 

Al tl tad* 

F 

n*  a. 

100 

degreeii 

0 

1.1312 

n.  a. 

1000 

d*sr*e* 

70 

0.1785 

100 

20 

1.0057 

1000 

80 

0.1107 

100 

30 

0.9837 

1000 

85 

0.0787 

100 

40 

0.8717 

1000 

90 

0.0505 

100 

SO 

0.7333 

1000 

95 

0.0291 

100 

00 

0.5720 

1000 

0 

0.1484 

100 

70 

0.394S 

1000 

20 

0.1402 

100 

80 

0.2037 

3000 

30 

0.1384 

100 

8S 

0.1008 

3000 

40 

0.1204 

100 

90 

0.0233 

3000 

SO 

0.1100 

100 

95 

0.0010 

3000 

00 

0.0917 

300 

0 

0.8453 

3000 

70 

0.0710 

300 

20 

0.8004 

3000 

80 

0.0499 

300 

30 

0.7410 

3000 

85 

0.0401 

300 

40 

0.0590 

3000 

90 

0.0310 

300 

SO 

0.5570 

3000 

05 

0.0231 

300 

60 

0.4381 

8000 

0 

0.0584 

300 

70 

0.3051 

6000 

20 

0.0570 

300 

80 

0.1040 

0000 

30 

0.0546 

300 

85 

0.0972 

6000 

40 

0.0500 

300 

90 

0.0411 

6000 

50 

0.0440 

300 

95 

0.0114 

6000 

60 

0.0370 

600 

0 

0.0135 

0000 

70 

0,0294 

000 

20 

0.5854 

6000 

80 

0.0219 

000 

30 

0.5443 

6000 

85 

0.0184 

000 

40 

0.4807 

6000 

90 

0.0151 

000 

50 

0.4143 

6000 

95 

0.0121 

000 

00 

0.3292 

10000 

0 

0.0262 

000 

70 

0.2343 

10000 

20 

0.0258 

000 

80 

0.1302 

10000 

30 

0.0243 

000 

85 

0.0899 

10000 

40 

0.0222 

000 

90 

0.0499 

10000 

50 

0.0190 

000 

95 

0.0229 

10000 

60 

0.0166 

1000 

0 

0.4389 

10000 

70 

0.0134 

1000 

20 

0.4224 

10000 

80 

0.0103 

1000 

30 

0.3947 

10000 

85 

0.0088 

1000 

40 

0.3550 

10000 

90 

0.0074 

1000 

50 

0.3045 

10000 

95 

0.0001 

1000 

00 

0.2440 
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Table  15.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinder 


m  00*  ,  0* 


A1 tl iudtt 

-^5 

F 

A1  tl tuda 

^5 

F 

n.  a. 

degreea 

B.  a. 

d«srtea 

100 

0 

1. 2133 

1000 

70 

0. 1762 

100 

20 

1. 1360 

1000 

80 

0.0912 

100 

30 

1. 0460 

1000 

85 

0.0564 

100 

40 

0.  9234 

1000 

90 

0. 0307 

100 

SO 

0.  7727 

1000 

95 

0.0149 

100 

60 

0.  5985 

3000 

0 

0. 2292 

100 

70 

0.  4061 

3000 

20 

0.2117 

100 

80 

0.  2003 

3000 

30 

0. 1931 

100 

85 

0.  0963 

3000 

40 

0. 1686 

100 

90 

0.  0123 

3000 

SO 

0. 1394 

100 

05 

0.  0006 

3000 

60 

0.  1076 

300 

0 

0.  9612 

3000 

70 

0. 0760 

300 

20 

0 .  3966 

3000 

80 

0. 0480 

300 

30 

0.  8227 

3000 

86 

0. 0362 

300 

40 

0.  7238 

3000 

90 

0.  0264 

300 

50 

0.  6029 

3000 

95 

0.  0186 

300 

00 

0.  4837 

6000 

0 

0. 0962 

300 

70 

0,  3097 

6000 

20 

0. 0891 

300 

80 

0. 1483 

6000 

30 

0.  0814 

300 

85 

0.  0736 

6000 

40 

0. 0714 

300 

90 

0.  0211 

6000 

SO 

0.  0699 

300 

95 

0.  0041 

6000 

60 

0.  0477 

000 

0 

0.  7441 

6000 

70 

0,  0358 

600 

20 

0.  6915 

6000 

80 

0. 0250 

600 

30 

0.  6331 

6000 

85 

0.  0203 

600 

40 

0.  5555 

6000 

90 

0.  0161 

600 

SO 

0.  4610 

6000 

95 

0.  0125 

600 

60 

0.  3521 

10000 

0 

0.  0444 

600 

70 

0.  2325 

10000 

20 

0.  0412 

600 

80 

0.  1140 

10000 

30 

0.  0378 

600 

85 

0.  0631 

10000 

40 

0.  0334 

600 

90 

0.  0274 

10000 

50 

0.  0284 

600 

95 

0.  0090 

10000 

60 

0.  0232 

1000 

0 

0.  5712 

10000 

70 

0.  0180 

1000 

20 

0.  5291 

10000 

80 

0.  0132 

1000 

30 

0.  4835 

10000 

85 

0.  0111 

1000 

40 

0.  4232 

10000 

90 

0.  0091 

1000 

50 

0.  3500 

10000 

95 

0.  0074 

1000 

60 

0,  2658 
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Table  16.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinder 


y-  60*. 


A1 tl tude 

F 

Alt! tud* 

^8 

F 

n.  a> 

decrees 

n.  a. 

dogrves 

100 

0 

1.2133 

1000 

70 

0.1794 

100 

20 

1.1373 

1000 

80 

0.0945 

100 

30 

1.0467 

1000 

85 

0.0596 

100 

40 

0.9243 

1000 

90 

0.0335 

100 

SO 

0.7738 

1000 

96 

0.0171 

100 

60 

0.5996 

3000 

0 

0.2293 

100 

70 

0.4073 

3000 

20 

0.2123 

100 

80 

0.2018 

3000 

30 

0.1930 

100 

as 

0.0976 

3000 

40 

0.1697 

100 

60 

0.0137 

3000 

50 

0.1407 

100 

66 

0.0009 

3000 

60 

0.1091 

300 

0 

0.9613 

3000 

70 

0.0778 

300 

20 

0.897S 

3000 

80 

0.0494 

300 

30 

0.8240 

3000 

86 

0.0376 

300 

40 

0.72SS 

3000 

90 

0.0276 

30C 

50 

0.6049 

3000 

95 

0.0195 

300 

00 

0.4660 

6000 

0 

0.0962 

300 

70 

0.3121 

6000 

20 

0.0893 

300 

80 

0.1510 

6000 

30 

0.0817 

300 

85 

0.0764 

6000 

40 

0.0718 

300 

00 

0.0237 

6000 

50 

0.0604 

300 

95 

0.0054 

6000 

80 

0.0482 

600 

0 

0.7438 

6000 

70 

0,0363 

600 

20 

0.6924 

8000 

80 

0.0255 

600 

30 

0.6346 

6000 

85 

0.0207 

600 

40 

0.5575 

6000 

90 

0.0165 

600 

50 

0.4634 

6000 

95 

0.0128 

600 

60 

0.3549 

lOOOO 

0 

0,0444 

600 

70 

0.2356 

10000 

20 

0.0413 

600 

80 

0.1174 

10000 

30 

0.0579 

600 

86 

0.C665 

10000 

40 

0.0336 

600 

90 

0.0304 

10000 

50 

0.0286 

600 

95 

0.0117 

10000 

80 

0.0233 

1000 

0 

0.6712 

10000 

70 

0.0188 

1000 

20 

0.5302 

10000 

80 

0.0134 

1000 

30 

0.4851 

10000 

85 

0.0112 

1000 

40 

0.^253 

10000 

90 

0.0093 

1000 

50 

0.3525 

10000 

95 

0U)075 

1000 

60 

0.2686 
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Table  17.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinder 


A1 ti iude 

3*  - 

00*, 

F 

50* 

Al ti tude 

^5 

F 

D.  ■« 

100 

degrees 

0 

1.2133 

n 0  B* 

1000 

degrees 

70 

0.1880 

100 

20 

1. 1380 

1000 

80 

0.1032 

100 

30 

1,0484 

1000 

85 

0.0078 

100 

40 

0. 9204 

1000 

90 

0.0406 

100 

SO 

0,7703 

1000 

95 

0.0222 

100 

00 

0.6020 

3000 

0 

0.2294 

100 

70 

0.  4108 

3000 

20 

0.2139 

100 

80 

0.2049 

3000 

30 

0.1903 

100 

8S 

0. 1012 

3000 

40 

0.1727 

100 

90 

0.0172 

3000 

so 

0.1443 

100 

96 

0.0013 

3000 

00 

0.1130 

300 

0 

0.9013 

3000 

70 

0.0810 

300 

20 

0.9000 

3000 

80 

0.0532 

300 

30 

0.8270 

3000 

85 

0.0410 

300 

40 

0.7301 

3000 

90 

0.0300 

300 

so 

0.0104 

3000 

95 

0.0221 

300 

60 

0.4722 

0000 

0 

0.0902 

300 

70 

0.3188 

0000 

20 

0.0899 

300 

80 

0.1S80 

0000 

30 

0.0820 

300 

8S 

0.0838 

0000 

40 

0.0730 

300 

90 

0.0300 

0000 

50 

0.0017 

300 

95 

0.0082 

6000 

60 

0.0490 

000 

0 

0.7439 

0000 

70 

0,0377 

000 

20 

0.09S5 

0000 

80 

0.0207 

000 

30 

0.6391 

6000 

85 

0.0219 

000 

40 

0.5033 

6000 

90 

0.0170 

000 

so 

0.4704 

6000 

95 

0.0138 

000 

60 

0.3028 

10000 

0 

0.0444 

000 

70 

0.2442 

10000 

20 

0.0410 

600 

80 

0.1205 

10000 

30 

0.0383 

000 

80 

0.0754 

10000 

40 

0.0340 

000 

90 

0.0378 

10000 

50 

0.0291 

000 

95 

0.0105 

10000 

00 

0.0238 

1000 

0 

0.5713 

10000 

70 

0.0187 

1000 

20 

0.5334 

10000 

80 

0.0138 

1000 

30 

0.4898 

10000 

85 

0.0110 

1000 

40 

0.4312 

10000 

90 

0.0090 

1000 

so 

0.3S05 

10000 

96 

0.0078 

1000 

60 

0,2705 

Table  18.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinder 


A1 ti iud0 

y'-  80,* 

F 

A1 titad* 

^5 

F 

n. 

100 

deKre«0 

0 

1.2134 

a.  B. 

1000 

d«sr««« 

70 

0.1908 

100 

20 

1.1402 

1000 

80 

0.1142 

100 

30 

1.0808 

1000 

88 

0.0778 

100 

40 

0.  0208 

1000 

00 

0.0480 

100 

50 

0.7700 

1000 

98 

0.0271 

100 

00 

0.8067 

3000 

0 

0.2297 

100 

70 

0.  4150 

3000 

20 

0.2183 

100 

SO 

0. 2005 

3000 

30 

0.1008 

100 

88 

0. 1088 

3000 

40 

0.1768 

100 

90 

0.0208 

3000 

SO 

0.1401 

100 

98 

0.  0016 

3000 

80 

0.1183 

300 

0 

0.  0013 

3000 

70 

0.0860 

300 

20 

0. 0034 

3000 

80 

0.0570 

300 

30 

0.  8328 

3000 

88 

0.0452 

300 

40 

0.  7364 

3000 

00 

0.0342 

300 

SO 

0. 6170 

3000 

08 

0.0240 

300 

60 

0.  4806 

6000 

0 

0.0063 

300 

70 

0.  3280 

6000 

20 

0.0908 

300 

80 

0.  1674 

6000 

30 

0.0838 

300 

85 

0.  0020 

0000 

40 

0.0748 

300 

90 

0.  0364 

0000 

60 

0.0834 

300 

96 

0.  0102 

0000 

60 

0.0618 

000 

0 

0.  7448 

0000 

70 

0,0308 

000 

20 

0.  7006 

0000 

80 

0.  0283 

000 

30 

0  .  6461 

6000 

85 

0.  0234 

000 

40 

0.  8710 

0000 

00 

0.0188 

000 

SO 

0.  4805 

6000 

95 

0.0148 

000 

00 

0.  3738 

10000 

0 

0.  0444 

000 

70 

0.  2660 

10000 

20 

0.  0410 

000 

80 

0.  1382 

10000 

30 

0. 0387 

000 

88 

0.  0860 

10000 

40 

0.  0348 

800 

90 

0.  0486 

10000 

60 

0.  0207 

000 

95 

0.  0206 

10000 

00 

0.  0248 

1000 

0 

0.  8721 

10000 

70 

0.  0103 

1000 

20 

0.  8383 

10000 

80 

0.  0144 

1000 

30 

0.  4068 

10000 

88 

0.  0122 

1000 

40 

0.  4300 

10000 

90 

lO.  0101 

1000 

60 

0.  3604 

10000 

08 

O'.  0083 

1000 

00 

0.  2878 
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Table  19.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinde 


/“  -  60*,  (P^  -  120* 


Al tl iud« 

F 

Al tl tuds 

F 

n.  B. 

degrees 

a.  B. 

degrees 

100 

0 

1.2134 

1000 

70 

0.2108 

100 

20 

1.1418 

1000 

80 

0.1237 

100 

30 

1 .0532 

1000 

85 

0.0849 

100 

40 

0.9325 

1000 

80 

0.0529 

100 

50 

0.7835 

1000 

95 

0.0298 

100 

60 

0.6107 

3000 

0 

0.2300 

100 

70 

0.4194 

5000 

20 

0.2187 

100 

80 

0.2141 

3000 

30 

0.2030 

100 

8S 

0.1102 

3000 

40 

0.1810 

100 

90 

0.7219 

3000 

50 

0.1539 

100 

95 

0.0015 

3000 

60 

0.1234 

300 

0 

0.9614 

3000 

70 

0.0917 

300 

20 

0.9067 

3000 

80 

0.0619 

300 

30 

0.8374 

3000 

85 

0.0486 

300 

40 

0.7427 

3000 

90 

0.0369 

300 

SO 

0.6254 

3000 

95 

0.0270 

300 

GO 

0.4891 

6000 

0 

0  4)964 

300 

70 

0.3371 

6000 

20 

0.0917 

300 

80 

0.1765 

6000 

30 

0.0850 

300 

85 

0.1005 

6000 

40 

0.0760 

300 

90 

0.0398 

6000 

50 

0  4)652 

300 

95 

0.0108 

6000 

60 

0.0533 

000 

0 

0.7470 

0000 

70 

0,0412 

600 

20 

0.7067 

6000 

80 

0.0298 

600 

30 

0.6539 

6000 

85 

0.0246 

600 

40 

0.5812 

6000 

90 

0.0199 

600 

60 

0.4909 

6000 

95 

0.0158 

600 

60 

0.3852 

10000 

0 

0.0444 

600 

70 

0.2679 

10000 

20 

0.0422 

600 

80 

0.1488 

10000 

30 

0.0392 

600 

85 

0.0942 

10000 

40 

0.0361 

600 

90 

0.0502 

10000 

50 

0.0305 

600 

95 

0.0224 

10000 

60 

0.0252 

1000 

0 

0.5736 

10000 

70 

0.0199 

1000 

20 

0.5438 

10000 

80 

0.014? 

1000 

30 

0.5038 

10000 

85 

0>n427 

1000 

40 

0.4484 

10000 

90 

0.0105 

1000 

50 

0.3794 

10000 

95 

0.0086 

1000 

60 

0.2988 
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Table  20. 

Geometric  Factor 

for  Reflected  Solar 

Radiation  to  a  Cylind 

r  - 

oot 

150* 

Alii tud« 

F 

A1 tl tud* 

^5 

F 

n.  ■. 

degreei 

a.  ■. 

degr««« 

100 

0 

1.2134 

1000 

70 

0.2187 

100 

20 

1.1430 

1000 

80 

0.1294 

100 

30 

1.0549 

1000 

85 

0.0888 

100 

40 

0.9347 

1000 

90 

0.0549 

100 

50 

0.7802 

1000 

95 

04)305 

100 

00 

0.0137 

3000 

0 

0.2304 

100 

70 

0.4220 

3000 

20 

0.2200 

100 

80 

0.2175 

3000 

30 

0.2055 

100 

85 

0.1132 

3000 

40 

0.1841 

100 

90 

0.0219 

3000 

SO 

0.1575 

100 

95 

0.0013 

3000 

60 

0.1270 

300 

0 

0.9014 

3000 

70 

04)960 

300 

20 

0.9092 

3000 

80 

04)044 

300 

30 

0.8410 

3000 

85 

04)507 

300 

40 

0.7473 

3000 

90 

04)380 

300 

SO 

0.6309 

3000 

95 

04)282 

300 

60 

0.4953 

6000 

0 

0.0905 

300 

70 

0.3438 

6000 

20 

0.0923 

300 

80 

0.1827 

6000 

30 

0.0860 

300 

85 

0.1048 

6000 

40 

0.0771 

300 

90 

0.0400 

6000 

60 

0.0664 

300 

95 

O.OIOS 

6000 

60 

0.0545 

000 

0 

0.7499 

6000 

70 

0.0423 

000 

20 

0.7123 

6000 

80 

0.0307 

000 

30 

0.0000 

6000 

85 

0.0254 

000 

40 

0.5888 

6000 

90 

0.0200 

000 

50 

0.4992 

6000 

95 

0.0163 

000 

00 

0.3940 

10000 

0 

0.0445 

000 

70 

0.2760 

10000 

20 

0.0424 

000 

80 

0.15SS 

10000 

30 

0.0395 

000 

80 

0.0985 

10000 

40 

0.0355 

000 

90 

0.0518 

10000 

50 

0.0308 

000 

95 

0.0220 

10000 

60 

0.0250 

1000 

0 

0.5755 

10000 

70 

0.0203 

1000 

20 

0.5485 

10000 

80 

0.0153 

1000 

30 

0.5090 

10000 

85 

0.0130 

1000 

40 

0.4503 

10000 

90 

0.0108 

1000 

60 

0.3871 

10000 

95 

0.Q089 

1000 

00 

0^3007 
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Table  21.  Geometric  Factor  for  Reflected  S  .lar  Radiation  to  a  Cylinder 


«o«. 


A1 ti tude 

F 

a.  B. 

degree! 

100 

0 

1.2134 

100 

20 

1.1434 

100 

30 

1.0555 

100 

40 

0.9355 

100 

50 

0.7871 

100 

60 

0.6148 

100 

70 

0.4238 

100 

80 

0.2187 

100 

85 

0.1142 

100 

90 

0.0217 

100 

95 

0.0012 

300 

0 

0.9614 

300 

20 

0.9100 

300 

30 

0.8423 

300 

40 

0.7490 

300 

SO 

0.6329 

300 

60 

0.4975 

300 

70 

0.3462 

300 

80 

0.1848 

300 

86 

0.1060 

300 

90 

0.0406 

300 

95 

0.0102 

600 

0 

0.7515 

600 

20 

0.7148 

600 

30 

0.6634 

609 

40 

0.^919 

600 

SO 

0.5024 

600 

50 

0.3973 

600 

70 

0.2797 

600 

80 

0.1576 

600 

85 

0.0997 

600 

90 

0.0i^21 

500 

95 

0.0225 

1000 

0 

0.5703 

1000 

20 

0.5502 

1000 

30 

0.5118 

1000 

40 

0.4578 

1000 

SO 

0.3899 

1000 

60 

0,.3097 

^  -  180* 

Altitude 

B*  ■«  degrtee 

0.221S 
0.1312 
0.0900 
0.0554 
0.0307 
0.230S 
0.2213 
0.2004 
0.1853 
0.1587 
0.1283 
0.0961 
0.0552 
0.0S13 
0.0390 
0.0285 
0.0965 
0.0925 
0.0863 
0.0775 
0.0069 
0.0550 
0,0427 
0.0311 
0.0257 
0.0208 
0.0165 
C.0445 
0.0«25 
0.0396 
0.0357 
0.0310 
0.0258 
0,0205 
0.0154 
0.0131 
0.0109 
0.0089 


1000 

70 

1000 

80 

1000 

85 

1000 

90 

1000 

95 

3000 

0 

3000 

20 

3000 

30 

3000 

40 

3000 

50 

3000 

60 

3000 

70 

3000 

80 

3000 

85 

3000 

90 

3000 

95 

6000 

0 

6000 

20 

6000 

30 

6000 

40 

0000 

50 

6000 

60 

6000 

70 

6000 

80 

6000 

85 

6000 

90 

6000 

96 

10000 

0 

10000 

20 

10000 

30 

10000 

40 

10000 

50 

10090 

60 

10000 

70 

10000 

80 

10000 

95 

10000 

90 

10000 

95 
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Table  ZZ. 


Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinder 


90%  0‘ 


Al tl tude 

^5 

F 

Al ti tode 

F 

n.  ■. 

degree* 

n.  a. 

degree* 

100 

0 

1.2702 

1000 

70 

0.2210 

100 

20 

1.1930 

1000 

80 

0.1238 

100 

30 

1.1000 

1000 

86 

0.0813 

100 

40 

0.0730 

1000 

00 

0.0478 

100 

60 

0.8104 

1000 

95 

0.0262 

100 

80 

0.0351 

3000 

0 

0.2620 

iOO 

70 

0.4344 

1000 

20 

0.2407 

100 

80 

0.2103 

3000 

30 

0.2277 

100 

85 

0.1009 

3000 

40 

0.2010 

100 

90 

0.0104 

3000 

SO 

0.1699 

100 

95 

0.0007 

3000 

50 

0.1345 

300 

0 

1.C3S7 

3000 

70 

0  4)982 

300 

20 

0.9733 

3000 

80 

04)945 

3oe 

30 

0.8070 

3000 

85 

04)499 

300 

40 

0.7934 

3000 

90 

04)373 

300 

SO 

0.6657 

3000 

95 

0  4)268 

300 

60 

0.5178 

0000 

0 

0.1107 

300 

70 

0.3534 

0000 

20 

0.1043 

300 

80 

0.1793 

0000 

30 

04)903 

300 

85 

0.0960 

0000 

40 

04)850 

300 

90 

0.0320 

6000 

so 

0.0728 

300 

95 

0.0070 

6000 

60 

0.0590 

000 

0 

0.8221 

6000 

70 

0,0451 

600 

20 

0.7731 

6000 

80 

0.0322 

000 

30 

0.7127 

6000 

85 

0.0204 

000 

40 

0.0308 

0000 

90 

0.0212 

000 

SO 

0.5290 

0000 

95 

0.0107 

000 

00 

0.4120 

10000 

0 

0.0512 

000 

70 

0.2815 

10000 

20 

0.0482 

600 

80 

0.1490 

10000 

30 

0.0440 

000 

86 

0.0890 

10000 

40 

0.0398 

000 

90 

0.0431 

10000 

50 

0.0342 

000 

05 

0.0172 

10000 

00 

0.0282 

1000 

0 

0.0394 

10000 

70 

0.0222 

1000 

20 

0.0015 

10000 

80 

0.0108 

1000 

30 

0.5540 

10000 

85 

0.0139 

1000 

40 

<0.4910 

10000 

99 

0.0116 

1000 

60 

0.4124 

10000 

05 

0.0094 

1000 

00 

0.320T 
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Table  23. 


A1 tl tudA 

F 

n.  a. 

de(;r«ea 

100 

0 

1.2702 

100 

20 

1.1930 

100 

30 

1.1000 

100 

40 

0.9730 

100 

tiO 

0.8164 

100 

00 

0.0351 

100 

70 

0.4344 

100 

80 

0.2193 

100 

as 

0.1101 

100 

90 

0.0174 

100 

90 

0.0009 

300 

0 

1.0357 

300 

20 

0.9733 

300 

30 

0.8970 

300 

40 

0. 7934 

300 

50 

0.0657 

300 

GO 

0. 5178 

300 

70 

0.3534 

300 

80 

0. 1795 

300 

85 

0. 0969 

300 

90 

0.0334 

300 

95 

0. 007d 

000 

0 

0. 8209 

600 

20 

0. 7721 

GOO 

30 

0.  ni9 

000 

40 

0. 6300 

600 

5C 

0.  5291 

000 

00 

0.  4116 

000 

71 

0.  2814 

600 

80 

0.  1490 

000 

GO 

0.  0001 

000 

90 

0.  0444 

OOO 

95 

0.  C183 

1000 

0 

0.  0387 

1000 

20 

0.  6009 

1000 

30 

0.  5542 

1003 

40 

0.  4900 

1000 

50 

0.  4121 

1000 

6C 

0,  3205 

30* 

A1 tl iudc 

^3 

F 

n.  a. 

dAgreto 

1000 

70 

0.2217 

1000 

80 

0.1245 

1000 

85 

0.0823 

1000 

90 

0.0480 

1000 

96 

0.0202 

3000 

0 

0.2619 

3000 

20 

0.2400 

3000 

30 

0.2276 

3000 

40 

0.2010 

3000 

50 

0.1069 

3000 

00 

0.1345 

3000 

70 

0.0983 

3000 

80 

0.0648 

3000 

86 

0.0502 

3000 

90 

0.0370 

3000 

C5 

0.05»7l 

6000 

0 

0,1107 

6000 

20 

0,1043 

0000 

30 

0.0903 

6000 

40 

0.0855 

0000 

50 

0.0728 

6000 

00 

0.C590 

dOOO 

TO 

0,0451 

6007 

GO 

0.0323 

0000 

85 

0.0265 

OCOO 

9C 

0.0213 

6000 

95 

0.0107 

10000 

0 

0,  0512 

iOOOO 

20 

0.0482 

10000 

30 

0.  0440 

10000 

40 

0. 0398 

10000 

50 

0. 0342 

lOCOO 

60 

0.  0282 

10000 

70 

0.  0222 

10000 

SO 

0. 0105 

10000 

85 

0. 9139 

10000 

90 

0.  0110 

10000 

06 

0.  0094 

Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinder 
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Table  24 


Creometric  Factor  for 


Reflected  Solar  Radiation  to  a  Cylinder 


y'-  90«, 


Al tl iude 

F 

a. 

dcffrees 

100 

0 

1.2702 

100 

20 

1.1036 

100 

30 

1.1000 

100 

40 

0.9730 

100 

50 

0,8184 

100 

00 

0.6351 

100 

70 

0.4344 

100 

80 

0.2103 

100 

85 

0.1105 

lOP 

90 

0.0104 

100 

06 

0.0C13 

300 

0 

1.0367 

300 

20 

0.0733 

300 

30 

0.8970 

300 

40 

0.7934 

300 

SO 

0.6657 

300 

00 

0.5178 

300 

70 

0.3534 

300 

80 

0.1801 

300 

85 

0.0986 

300 

90 

0.0363 

300 

»»5 

0r0095 

000 

0 

0.8106 

000 

?o 

0.7709 

000 

30 

0.7108 

000 

40 

0.6292 

000 

60 

0.5285 

600 

60 

0.4112 

000 

70 

0.2814 

600 

80 

0.1508 

eoo 

36 

0.0923 

600 

00 

0.0473 

600 

05 

0.0205 

1000 

0 

0.6370 

loco 

20 

0.6002 

ICOO 

30 

0.S536 

1000 

40 

0.4901 

1000 

SO 

0.4118 

1000 

60 

0.3204 

A-  »»• 


Alii iud* 

F 

n.  ■. 

degrees 

1000 

70 

0.2220 

ICOO 

80 

0.1250 

1000 

86 

0.0643 

1000 

00 

0.0511 

1000 

05 

0,0282 

3000 

0 

0.2618 

3000 

20 

0.2465 

3000 

30 

0.2275 

3000 

40 

0.2016 

3000 

50 

0.1699 

3000 

60 

0.1347 

3000 

70 

0.0986 

3000 

80 

0.0653 

3000 

86 

0 .0508 

3000 

00 

0.0382 

3000 

05 

0.0277 

0000 

0 

0.1106 

6000 

20 

0.1043 

6000 

30 

0.0963 

6000 

40 

0.0856 

6000 

60 

0.0728 

6000 

60 

0.0691 

60  30 

70 

0,0452 

6000 

80 

0.0324 

6000 

85 

0.0267 

6000 

90 

0.0215 

6000 

96 

0.0169 

10000 

0 

0.0512 

10000 

20 

0.0482 

10000 

30 

0.0446 

10000 

40 

C.0398 

10000 

50 

0.0342 

10000 

60 

0.0282 

10000 

70 

0.0222 

10000 

80 

0.0166 

10000 

85 

0.0140 

10000 

CO 

0.0116 

10000 

06 

0.0008 
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Table  25,  Geometric  Factor  for  x-leflectcd  Solar  Radiation  to  a  Cylinder 

^  m  90*,  (p^m  90* 


Al tl iud« 

■^5 

F 

Alt! tud« 

F 

o.  •. 

defl;r»«s 

a.  a. 

d«gr«cs 

100 

0 

1.2702 

1000 

70 

0.2222 

100 

20 

1.1936 

1000 

80 

0.1266 

100 

30 

1.1000 

1000 

85 

0.0853 

100 

40 

0.9730 

1000 

90 

0.0523 

100 

50 

0.8164 

1000 

96 

0.0292 

100 

60 

0.6351 

3000 

0 

0.2617 

100 

70 

0.4344 

3000 

20 

0.2465 

100 

60 

0.2193 

3000 

30 

0.2275 

100 

85 

0.1107 

3000 

40 

0.2015 

100 

90 

0.0206 

3000 

50 

0.1699 

100 

96 

0.0015 

3000 

60 

0.1347 

300 

0 

1.0358 

3CC0 

70 

0.0988 

300 

20 

0.9733 

3000 

80 

0.0656 

300 

30 

0.8970 

3000 

85 

0.0512 

300 

40 

0.7934 

3000 

90 

0.0386 

300 

SO 

0.6657 

3000 

03 

0.0281 

300 

60 

0.5178 

6000 

0 

0.1106 

300 

70 

0.3534 

6000 

20 

0.1043 

300 

80 

0.1803 

6000 

30 

0.0963 

300 

86 

0.0994 

6000 

40 

0.0856 

300 

90 

0.0379 

6000 

60 

0.0729 

300 

95 

0.0104 

6000 

60 

0.0691 

600 

0 

0.8192 

6000 

70 

0,0453 

600 

20 

0.7706 

6C00 

80 

0.0325 

600 

30 

0.7106 

6000 

85 

0.0267 

600 

40 

0.0290 

6000 

90 

0.0215 

600 

60 

0.5283 

6000 

95 

0.0170 

600 

60 

0.4111 

10000 

0 

0.0512 

600 

70 

0.2814 

10000 

20 

0.0482 

600 

80 

0.1514 

10000 

30 

0.0446 

600 

83 

0.0934 

10000 

40 

0.0398 

60?^ 

90 

0.0487 

10000 

50 

0.0342 

600 

95 

0.0216 

10000 

60 

0.0282 

1000 

0 

0.6377 

10000 

70 

0.0222 

1000 

20 

0.6001 

10000 

80 

0.0166 

1000 

SO 

0.5536 

ICOOO 

88 

0.0140 

10C<0 

40 

0.  4900 

10000 

CO 

0.0116 

1000 

50 

0.4117 

10000 

06 

0.0096 

1000 

69 

0,3204 
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Table  26.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinder 

^  .  90*,  <4“ 


Al tl tud« 

^5 

F 

Alii  tad* 

^5 

F 

0.  ■. 

deftreaa 

n.  ■. 

d*gr*** 

100 

0 

1.2702 

1000 

70 

0.2220 

100 

20 

1.1936 

1000 

80 

0.1259 

100 

30 

1.1000 

1000 

86 

0.0843 

100 

40 

0.9730 

1000 

90 

O.OSll 

100 

50 

0.8104 

1000 

95 

0.0282 

100 

60 

0.6351 

3000 

0 

0.2618 

100 

70 

0.4344 

3000 

20 

0.2466 

100 

60 

0.2193 

3000 

30 

0.2276 

100 

85 

0.1105 

3000 

40 

0.2016 

100 

90 

0.0104 

3000 

50 

0.1699 

100 

95 

0.0013 

3000 

60 

0.1347 

300 

0 

1.0357 

3000 

70 

0.0087 

300 

20 

0.9733 

3000 

80 

0.0654 

300 

30 

0.8970 

3000 

85 

0.0508 

300 

40 

0.7934 

3000 

90 

0.0382 

300 

SO 

0.6657 

3000 

95 

0.0277 

300 

00 

0.5178 

6000 

0 

0.1106 

300 

70 

0.3534 

6000 

20 

0.1043 

300 

80 

0.1801 

6000 

30 

0.0963 

300 

85 

0.0986 

6000 

40 

0.0856 

300 

90 

0.0363 

6000 

50 

0.0728 

300 

95 

0.0095 

6000 

00 

0.0591 

600 

0 

0.8201 

6000 

70 

0,0452 

600 

20 

0.7714 

6000 

80 

0.0324 

600 

30 

0.7113 

6000 

85 

0.0267 

600 

40 

0.6296 

6000 

90 

0.0215 

600 

50 

0.5287 

6000 

95 

0.0169 

600 

00 

0.4114 

10000 

0 

0.0512 

600 

70 

0.2815 

10000 

20 

0.0482 

600 

80 

0.1508 

10000 

30 

0.0446 

600 

85 

0.0923 

10000 

40 

0.0398 

600 

90 

0.0473 

10000 

50 

0.0342 

600 

95 

0.0205 

10000 

00 

0.0282 

1000 

0 

0.6383 

10000 

70 

0.0222 

1000 

20 

0.6005 

10000 

80 

0.0166 

1000 

30 

0.5538 

10000 

85 

0.0140 

1000 

40 

0.4903 

10000 

90 

0.0116 

1000 

50 

0.4119 

10000 

96 

0.0095 

1000 

60 

0;320S 
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Table  27,  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinder 


A1 tl tude 

-  90*, 

F 

4- 

ISO* 

A1 tiiud* 

F 

n.  a. 

100 

dcKreet 

0 

1.2702 

n.  a. 

1000 

degrees 

70 

0.2217 

100 

20 

1.1936 

1000 

60 

0.1246 

100 

30 

1.1000 

1000 

86 

0.0823 

100 

40 

0.9731 

1000 

90 

0.0480 

100 

SO 

0.8165 

1000 

96 

0.0262 

100 

60 

0.6351 

3000 

0 

0.2020 

100 

70 

0.4344 

3000 

20 

0.2467 

100 

80 

0.2193 

3000 

30 

0.2276 

100 

85 

0.1101 

3000 

40 

0.2016 

100 

90 

0.0174 

3000 

SO 

0.1699 

100 

96 

0.0009 

3000 

60 

0.1346 

300 

0 

1.0367 

3000 

70 

0.0983 

300 

20 

0.9733 

3000 

80 

0.0648 

300 

30 

0.8970 

3000 

86 

0.0502 

300 

40 

0.7934 

3000 

00 

0.0376 

300 

SO 

0.6657 

3000 

05 

0.0271 

300 

GO 

0.5178 

6000 

0 

0.1107 

300 

70 

0.3634 

6000 

20 

0.1043 

300 

80 

0.1795 

6000 

30 

0.0963 

300 

85 

0.0969 

6000 

40 

0.0856 

300 

90 

0.0334 

6000 

50 

0.0728 

300 

95 

0.0078 

6000 

60 

0.0590 

000 

0 

0.8210 

6000 

70 

0,0451 

600 

20 

0.7727 

6000 

80 

0.0323 

000 

30 

0.7124 

6000 

86 

0.0265 

000 

40 

0.6306 

6000 

90 

0.0213 

000 

50 

0.5294 

6000 

95 

0.0167 

000 

60 

0.4118 

10000 

0 

0.0512 

000 

70 

0.2816 

10000 

20 

0.0482 

600 

80 

0.1496 

10000 

30 

0.0446 

600 

85 

0.0901 

10000 

40 

0.0398 

000 

90 

0.0444 

10000 

50 

0.0342 

600 

95 

0.0182 

10000 

60 

0.0282 

1000 

0 

0.6391 

10000 

70 

0.0222 

1000 

20 

0.6012 

10000 

80 

0.0166 

1000 

30 

0.6544 

10000 

85 

0.0139 

1000 

40 

0.4908 

10000 

90 

0.0116 

1000 

60 

0.4123 

10000 

96 

0.0094 

1000 

60 

0,3200 
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Table  28.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Cylinder 

^  -  ®0*,  180» 


A1 tl iude 

F 

a.  a. 

degress 

100 

0 

1. 2702 

100 

20 

1.  1936 

100 

30 

1.  1000 

100 

40 

0.9730 

100 

SO 

0.  8164 

100 

60 

0.6351 

100 

70 

0.  4344 

100 

80 

0.  2103 

100 

85 

0. 1099 

100 

90 

0.  0164 

100 

06 

0.  0007 

300 

0 

1.  0357 

300 

20 

0. 9733 

300 

30 

0.  8970 

300 

40 

0.  7034 

300 

SO 

0.6667 

300 

60 

0. 5178 

300 

70 

0. 3534 

300 

80 

0. 1793 

300 

8S 

0. 0960 

300 

00 

0.0320 

300 

96 

0.0070 

600 

0 

0.  0221 

600 

20 

0.7731 

600 

30 

0. 7127 

600 

40 

0.6308 

600 

60 

0.5296 

600 

60 

0.4120 

600 

70 

0.2815 

600 

80 

0.1400 

600 

86 

0.0890 

600 

90 

0.0431 

600 

05 

0.0172 

1000 

0 

0.6394 

1000 

20 

0.5546 

1000 

30 

0.6015 

1000 

40 

0. 4910 

1000 

60 

0.4124 

1000 

60 

0.3207 

Alii  tads 

F 

a. 

degrees 

1000 

70 

0  2216 

1000 

80 

0.1238 

1000 

85 

0.0813 

1000 

90 

0.0478 

1000 

96 

0.0252 

3000 

0 

0.2620 

3000 

20 

0.2467 

3000 

30 

0.2277 

3000 

40 

0.2016 

3000 

50 

0.1699 

3000 

60 

0.1345 

3000 

70 

0.0982 

3000 

80 

0.0645 

3000 

85 

0.0499 

3000 

90 

0.0373 

3U00 

95 

0.0268 

6000 

0 

0.1107 

6000 

20 

0.1043 

6000 

30 

0.0963 

6000 

40 

0.0856 

6000 

60 

0.0728 

6000 

60 

0.0590 

6000 

70 

0,0451 

6000 

80 

0.0322 

6000 

85 

0.0264 

6000 

90 

0.0212 

6000 

95 

0.0167 

10000 

0 

0.0612 

10000 

20 

0.0482 

10000 

30 

0.0446 

10000 

40 

0.0398 

10000 

SO 

0.0342 

10000 

60 

0.0282 

10000 

70 

0.0222 

10000 

80 

0.0165 

10000 

85 

0.0139 

10000 

90 

0.0116 

10000 

96 

0.0094 

-351- 


^  *.  •  fnr  Reflected  Solar  Radiation  to  a  Hemisphere 

Table  29.  Geometric  factor  lor  Keiiecteu 


ij'  -  0*, 


0  -300» 
Altltad*  ^ 


degree* 


Al tl tude 

F 

n*  ■• 

degrees 

100 

0 

1.2438 

100 

20 

1.1088 

100 

30 

1.0771 

100 

40 

0.0528 

100 

50 

0.7005 

100 

eo 

0.6210 

100 

70 

0.4254 

100 

80 

0.2147 

100 

85 

0.1070 

100 

00 

0.0177 

100 

05 

n.OOlO 

300 

0 

1.0237 

300 

20 

0.0620 

300 

30 

0.8866 

300 

40 

0.7842 

300 

SO 

0.6580 

300 

60 

0.5118 

300 

70 

O.3403 

300 

80 

0.1777 

300 

85 

0.0064 

300 

00 

0.0342 

300 

OS 

0.0084 

eoo 

0 

0.8154 

000 

20 

0.7660 

600 

30 

0.7071 

600 

40 

0.6250 

eoo 

50 

0.5256 

eoo 

eo 

0.4080 

eoo 

70 

0.2706 

600 

80 

0.1402 

600 

86 

0.0905 

eoo 

00 

0.0454 

600 

03 

0.0101 

1000 

0 

0.6363 

1000 

20 

0.5087 

1000 

30 

0.5521 

1000 

40 

0.4888 

1000 

50 

0.4106 

1000 

60 

0.3104 

1000 

70 

0.2211 

1000 

80 

0.1247 

1000 

88 

0.0820 

1000 

00 

0.0407 

1000 

06 

0.0270 

3000 

0 

0.2617 

3000 

20 

0.2488 

3000 

30 

0.2278 

3000 

40 

0.2018 

3000 

SO 

0.1608 

3000 

60 

0.1348 

3000 

70 

0.0084 

3000 

80 

0.0650 

3000 

85 

0.0508 

3000 

00 

0.0379 

3000 

08 

0.0274 

6000 

0 

0.1108 

6000 

20 

0.1043 

6000 

30 

0.0963 

6000 

40 

0.0855 

6000 

60 

0.0728 

6000 

60 

0.0800 

6000 

70 

0,0452 

6000 

80 

0.0323 

6000 

85 

0.0266 

6000 

00 

0.0214 

6000 

08 

0.0168 

10000 

0 

0.0512 

10000 

20 

0.0482 

10000 

30 

0.0446 

10000 

40 

0.0308 

10000 

50 

0.0342 

10000 

60 

0.0282 

10000 

70 

0 .0222 

10000 

80 

0.0)68 

10000 

88 

0.0140 

10000 

00 

0J)116 

10000 

08 

0.0004 

‘nr*!*'*** 
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Table  30.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Hemisphere 


iT  -  30^  4.  0* 


A1 tl iudd 

F 

A1 tl iud* 

F 

0.  ■. 

d«i;rt«s 

n.  a. 

d*itr««s 

100 

0 

1.  1799 

1000 

70 

0.2206 

100 

20 

1.  1115 

1000 

BO 

0.1286 

100 

30 

1.  0259 

1000 

86 

0.0878 

100 

40 

0.  9091 

1000 

90 

0.0538 

100 

SO 

0.  7646 

1000 

96 

0.0299 

100 

60 

0.6060 

3000 

0 

0.2462 

100 

70 

0.4111 

3000 

20 

0.2331 

100 

80 

0.2116 

3000 

30 

0.2163 

100 

85 

0.1100 

3000 

40 

0.1928 

100 

90 

0.0210 

3000 

SO 

0.1639 

100 

05 

0.0013 

3000 

60 

0.1313 

300 

0 

0.9673 

3000 

70 

0.0973 

300 

20 

0.9136 

3000 

80 

0.0664 

300 

30 

0.8443 

3000 

85 

0.0512 

*300 

40 

0.7406 

3000 

90 

0.0387 

300 

SO 

0.6319 

3000 

95 

0.0283 

300 

60 

0.4951 

6000 

0 

0.1034 

300 

70 

0.3424 

6000 

20 

0.0983 

300 

80 

0.1802 

3000 

30 

0.0912 

300 

86 

0.1021 

6000 

40 

0.0815 

300 

90 

0.0391 

6000 

50 

0.0698 

300 

96 

0.0102 

6000 

60 

0.0570 

000 

0 

0.7699 

6000 

70 

0,0440 

600 

20 

0.7290 

6000 

80 

0.0317 

600 

30 

0.6749 

6000 

85 

0.0262 

600 

40 

0.6002 

6000 

90 

0.0212 

600 

60 

0.6073 

6000 

95 

0.0167 

600 

60 

0.3986 

10000 

0 

0.0478 

OOC 

70 

0.2775 

10000 

20 

0.0454 

600 

80 

0.1537 

10000 

30 

0.0421 

600 

85 

0.0963 

10000 

40 

0.0377 

600 

90 

0.0503 

10000 

50 

0.0326 

600 

95 

0.0220 

10000 

60 

0.0270 

1000 

0 

0.6991 

10000 

70 

0.0213 

1000 

20 

0.5683 

10000 

80 

0.0160 

1000 

30 

0.5266 

10000 

85 

0.0135 

1000 

40 

0.4690 

10000 

90 

0.0113 

1000 

60 

0.3970 

10000 

96 

0.0092 

1000 

60 

0,3125 

-  1  -  I  - 
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Table  31,  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Hemisphere 


2^  -  30»,  -  30* 


Al tl tudtt 

F 

Alt! tad* 

F 

n.  ■« 

dei;reei 

n.  ■. 

degree* 

100 

0 

1.1799 

1000 

70 

0.2188 

100 

20 

1.1112 

1000 

60 

0.1270 

100 

30 

1.0253 

1000 

86 

0.0862 

100 

40 

0.9084 

1000 

90 

0.0529 

100 

50 

0.7638 

1000 

95 

0.0293 

100 

60 

0.5960 

3000 

0 

0.2451 

100 

70 

0.4101 

3000 

20 

0.2327 

100 

80 

0.2105 

3000 

30 

0.2158 

100 

85 

0.1090 

3000 

40 

0.1923 

100 

90 

0.0204 

3000 

50 

0.1632 

100 

05 

0.0013 

3000 

60 

0.1305 

300 

0 

0.9673 

3000 

70 

0.0986 

300 

20 

0.9129 

3000 

80 

0.0648 

300 

30 

0.8434 

3000 

85 

0.0507 

300 

40 

0.7484 

3000 

90 

0.0383 

300 

SO 

0.6305 

3000 

95 

0.0279 

300 

60 

0.4936 

6000 

0 

0.1034 

300 

70 

0.3407 

6000 

20 

0.0982 

300 

80 

0.1786 

6000 

30 

0.0910 

300 

85 

0.1006 

6000 

40 

0.0812 

300 

90 

0.0382 

6000 

50 

0.0696 

300 

95 

0.0099 

6000 

60 

0.0567 

000 

0 

0.7695 

6000 

70 

0,0437 

600 

20 

0.7280 

6000 

80 

0.0315 

600 

30 

0.6736 

6000 

85 

0.0260 

600 

40 

0.5987 

6000 

90 

0.0210 

600 

SO 

0.5056 

6000 

95 

0.0166 

600 

-o 

0.3968 

lOOOO 

0 

0.0478 

600 

70 

0.2756 

10000 

20 

0.0453 

600 

80 

0.1519 

10000 

30 

0.0420 

COO 

85 

0.0948 

10000 

40 

0.0377 

000 

90 

0.0493 

10000 

50 

0.0325 

600 

95 

0.0215 

10000 

60 

0.0269 

1000 

0 

0.5989 

10000 

70 

0.0213 

1000 

20 

0.5675 

10000 

80 

0.0159 

1000 

30 

0.5255 

10000 

85 

0.0135 

1000 

40 

0.4676 

10000 

90 

0.0112 

1000 

50 

0.3955 

10000 

96 

0.0092 

1000 

60 

0;3108 

-  3  5  5  - 
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Table  32.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Hemispher 


Al ti tudo 

-  30 

• 

f 

F 

.  60« 

Alii iude 

^5 

F 

a. 

100 

degrees 

0 

1.  1799 

n.  ■. 

1000 

degrees 

70 

0.  2141 

100 

20 

1.  1101 

1000 

80 

0.  1229 

100 

30 

1.  0239 

1000 

85 

0.0828 

100 

40 

0.  9065 

1000 

90 

0.0503 

100 

50 

0.  7615 

1000 

95 

0.0277 

100 

60 

0.  5034 

3000 

0 

0.2450 

100 

70 

0. 4073 

3000 

20 

0. 2318 

100 

80 

0. 2076 

3000 

30 

0.  2146 

100 

8S 

0. 1062 

3000 

40 

0.  1007 

100 

90 

0.  0189 

3000 

SO 

0. 1614 

100 

06 

0.  0012 

3000 

60 

0.  1286 

300 

0 

0.  9673 

3000 

70 

0.  0947 

300 

20 

0.  9112 

3000 

80 

0.  0631 

300 

30 

0.  8410 

3000 

85 

0.  0492 

300 

40 

0,  7452 

3000 

90 

0.0371 

300 

50 

0.  6268 

3000 

95 

0.0270 

300 

60 

0.  4894 

6000 

0 

0. 1034 

300 

70 

0.  3362 

6000 

20 

0.0978 

300 

80 

0.  1741 

QOOO 

30 

0. 0905 

300 

85 

0.  0966 

6000 

40 

0. 0807 

300 

90 

0.  0358 

5000 

60 

0.  0689 

300 

95 

0.  0091 

6000 

60 

0.  0561 

600 

0 

0.  7687 

6000 

70 

0, 0431 

600 

20 

0.  7255 

6000 

80 

0.  0310 

600 

30 

0,  6703 

6000 

85 

0.  0255 

600 

40 

0.5947 

6000 

90 

0.  0206 

600 

50 

0.6011 

6000 

95 

0.  0162 

600 

60 

0.3918 

10000 

0 

0.  0478 

600 

70 

0,2704 

10000 

20 

0.  0452 

600 

80 

0. 1471 

10000 

30 

0.  0419 

600 

85 

0.0908 

10000 

40 

0.  0374 

600 

90 

0. 0466 

10000 

50 

0.  0323 

600 

05 

0. 0201 

10000 

60 

0.  0267 

1000 

0 

0. 5984 

10000 

70 

0.  0210 

1000 

20 

0. 5653 

10000 

80 

0.  0157 

1000 

30 

0.  5226 

10000 

85 

0.  0133 

1000 

40 

0.  4640 

10000 

90 

0.  0110 

1000 

50 

0.  3914 

10000 

93 

0.  0090 

1000 

60 

0>  3063 

Table  33,  Geometric  Factor  for  Reflected  Solar  Radiation,  to  a  Hemisphere 


30*,  90* 


A1 ti tud6 

F 

A1 titude 

^3 

F 

n.  a. 

degree* 

n.  a. 

degrees 

100 

0 

1. 1799 

1000 

70 

0.2077 

100 

20 

1.1088 

1000 

80 

0.U72 

100 

30 

L .0218 

1000 

86 

0.0780 

100 

40 

0.9039 

1000 

90 

0.0468 

100 

SO 

0.7584 

1000 

95 

0.0255 

100 

60 

0.5899 

3000 

0 

0.2448 

100 

70 

0.4035 

5000 

20 

0.2306 

100 

80 

0.2037 

3000 

30 

0.2128 

100 

85 

0.1024 

3000 

40 

0.1885 

100 

90 

0.0169 

3000 

50 

0.1589 

100 

95 

0.0010 

3000 

60 

0.1259 

300 

0 

0.9673 

3000 

70 

0.0921 

300 

20 

0.9090 

3000 

80 

0.0609 

300 

30 

0.8377 

3000 

85 

0,0473 

300 

40 

0.7410 

3000 

90 

0.0355 

300 

SO 

0.6218 

3000 

95 

0.0257 

300 

60 

0.4836 

6000 

0 

0.1033 

300 

70 

O.330O 

6000 

20 

0.0974 

300 

80 

0.1679 

6000 

30 

0.0899 

300 

85 

0.0912 

6000 

40 

0.0799 

300 

00 

0.0325 

6000 

60 

0.0680 

300 

95 

0.0080 

6000 

60 

0.0551 

000 

0 

0.7678 

6000 

70 

0,0422 

600 

20 

0.72?1 

6000 

80 

0.0302 

600 

30 

0.6658 

6000 

85 

0.0248 

600 

40 

0.5893 

6000 

90 

0.0200 

600 

SO 

0.4949 

6000 

95 

0.0157 

600 

60 

0.3SS1 

10000 

0 

0.0478 

600 

70 

0.2634 

10000 

20 

0.0450 

600 

80 

0.1400 

10000 

30 

0.0416 

000 

86 

0.0853 

10000 

40 

0.0372 

600 

90 

0.0429 

10000 

60 

0.0319 

600 

95 

0.0181 

10000 

60 

0.0263 

1000 

0 

0.5977 

10000 

70 

0.0207 

1000 

20 

0.5024 

10000 

80 

0.0154 

1000 

30 

0.5186 

10000 

88 

0.0130 

1000 

40 

0.4592 

lOOQO 

90 

0.0108 

1000 

50 

0.3857 

10000 

95 

0,0088 

1000 

60 

0,3001 
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bio  .54.  Clvioinetric  Factor  lor  Reflected  Solar  Radiation  to  a  Henilsfiher 


30«,  13J0* 


Al xl taia 

^5 

F 

Al tl tud* 

^6 

F 

D. 

o  •  ■  • 

d«gr«e<i 

100 

0 

1.1790 

1000 

75 

5.2014 

100 

20 

1.1074 

1000 

BO 

0.1110 

ioo 

30 

1.G108 

1000 

86 

0.07J3 

100 

40 

0.9013 

1000 

90 

0,0433 

100 

50 

O.Tb53 

1000 

95 

0.0232 

100 

00 

0.5864 

3000 

0 

0.2447 

100 

70 

0.3907 

3000 

20 

0.2293 

100 

BO 

0,1098 

3000 

30 

0.2il0 

lOfl 

65 

0.0086 

3000 

40 

0.1863 

100 

00 

0.0140 

3000 

50 

0,1364 

100 

05 

0.0008 

r,coo 

60 

0.1232 

300 

0 

0.0673 

300G 

70 

0.0R95 

300 

20 

0.9067 

3000 

80 

O.OSSf 

300 

30 

0.8344 

3000 

85 

0.0453 

300 

40 

0. 736T 

3000 

90 

0.0338 

300 

SO 

0.6167 

3000 

05 

0.0244 

.300 

GO 

0.4779 

6000 

0 

0.1033 

300 

70 

0.3239 

6000 

20 

0.0060 

300 

80 

0.1617 

6000 

30 

O.0B93 

300 

85 

0.0857 

6000 

40 

0.0791 

300 

90 

0.0292 

6000 

50 

0.0671 

300 

05 

0.0069 

6000 

60 

0.0542 

000 

0 

0. Y660 

6000 

70 

0,0413 

300 

20 

0.7188 

6000 

80 

0.02V4 

000 

30 

0.6614 

6000 

85 

0.0241 

000 

40 

0.5840 

6000 

00 

0.0194 

000 

50 

0.4888 

6000 

05 

0.0152 

000 

60 

0,3784 

15000 

0 

0.0471 

000 

70 

0.2563 

10000 

20 

0.0440 

600 

80 

0.1340 

10000 

30 

0.0414 

600 

85 

0.0798 

ICOUO 

40 

0.0369 

000 

90 

0.0302 

10000 

50 

0.0316 

000 

95 

0.0161 

10000 

00 

0.0260 

lOCO 

0 

0,5971 

10000 

70 

0.C204 

iOOO 

20 

0.5595 

10000 

80 

0.0152 

1000 

30 

0.5147 

iOOCO 

89 

0,0128 

1000 

40 

0.4543 

10000 

00 

0.0106 

1000 

50 

0.3801 

10000 

05 

0.0086 

!000 

30 

0,2939 

'able  35.  C'j 

eomelric 

Factor  for 

Reflected  Solar  Ifadiation  to  a 

Ilem’sph 

30* , 

150* 

AHl  tud* 

F 

A1 tl tad* 

F 

n.  p*. 

d«gr««t 

a.  ■. 

d*gr««a 

100 

0 

1.1799 

1000 

7C 

0.1967 

100 

20 

1.1004 

1000 

80 

0.1074 

100 

30 

1.0183 

ICOO 

86 

0.0698 

100 

40 

0.8994 

1000 

90 

0.0408 

100 

60 

0.7531 

loor. 

96 

0.0216 

100 

00 

0.5839 

3000 

0 

0.244f 

100 

70 

0.3969 

1000 

20 

0.2284 

100 

80 

0.1009 

3000 

30 

0.2098 

ICO 

83 

0.0958 

3000 

40 

0.1847 

100 

90 

0.0134 

3000 

50 

0.1546 

100 

95 

0.0007 

3000 

60 

0.1212 

300 

0 

0.0673 

3000 

70 

0.0R76 

300 

20 

o.ooso 

3000 

80 

0.0570 

300 

30 

0.8320 

3000 

80 

0.0439 

300 

40 

0.7336 

3000 

90 

U.0326 

300 

50 

0.6130 

3000 

95 

0.C234 

300 

60 

0.4737 

6000 

0.1033 

300 

70 

0.3193 

6000 

20 

0^)986 

300 

80 

0.1872 

6000 

30 

0.0888 

300 

86 

0.0818 

6000 

40 

0.0786 

300 

90 

0.0268 

6000 

60 

0  0666 

300 

96 

0.0061 

600C 

60 

0.0635 

000 

0 

0.7663 

6000 

70 

0^407 

000 

20 

0.7164 

6000 

80 

0.0289 

000 

30 

0.6582 

6000 

85 

0.0236 

000 

40 

0.5801 

6000 

90 

0.0189 

000 

60 

0.4843 

6000 

96 

0.014a 

000 

00 

0.3738 

10000 

0 

04)477 

000 

70 

0.2611 

lOOOO 

20 

Oj0447 

000 

80 

0.1202 

10000 

30 

04)412 

000 

86 

0.0788 

lOUOC 

40 

04)367 

000 

90 

0.0366 

10000 

30 

04)314 

000 

96 

0.0147 

10000 

60 

04)258 

1000 

0 

0.6967 

10000 

70 

0  4)202 

1000 

20 

0.SS74 

10000 

80 

04)160 

1000 

30 

0.6119 

10000 

06 

04)126 

1000 

40 

0.4608 

10000 

00 

04)104 

1000 

60 

0.3761 

IvOOO 

96 

04)086 

1000 

60 

0 ,2804 

iblo  3  0.  Cit'onietric  Faclor  lor  Rcflecti’cl  Solar  Radiation  to  a  l.'oiuisi)l^tM- 


<)'- 

30*, 

^  -  180* 

Alii  tud* 

F 

A1 tl ittd* 

F 

b.  M. 

dtf 

a.  Ki. 

d«gr«e« 

100 

0 

1.1709 

1000 

70 

0.1950 

100 

20 

1.1060 

1000 

80 

0.1059 

100 

30 

1  .0178 

1000 

85 

04)686 

100 

40 

0.8  387 

1000 

90 

0.0399 

100 

SO 

0.7622 

1000 

96 

0.0210 

100 

60 

0.5829 

sooo 

0 

0.2445 

100 

70 

0.3CS9 

3000 

20 

0J1281 

ICO 

80 

0.1958 

3000 

30 

0.2093 

100 

8S 

U.0948 

3000 

40 

O.l&'iia 

100 

90 

0.0129 

3000 

50 

0.1539 

IOC 

96 

0.0006 

3000 

60 

0.1205 

3C0 

0 

0.9673 

3000 

70 

0.U869 

300 

20 

0.9044 

3000 

80 

0.0564 

30C 

30 

0.8311 

3000 

35 

0.0433 

3C0 

40 

t  .7325 

3000 

90 

0.0322 

300 

ro 

G.0116 

3000 

95 

0.0231 

300 

GO 

0.4722 

6000 

0 

0.1033 

300 

70 

0.3177 

8000 

20 

n.0965 

300 

80 

C.1556 

6000 

30 

0.0887 

300 

85 

0 .0803 

6000 

40 

04)783 

300 

00 

0 .0259 

6000 

50 

04)663 

300 

96 

0.0068 

0000 

60 

04)533 

QOO 

0 

0.7661 

6000 

70 

04)404 

000 

20 

0.7156 

6000 

80 

0  4)287 

000 

30 

0.6572 

6000 

85 

04)234 

000 

40 

0J5787 

6000 

90 

04)188 

000 

50 

0.4827 

6000 

95 

04)147 

000 

60 

0.3717 

10000 

0 

0.0477 

000 

70 

0.2493 

10000 

20 

0.0447 

600 

80 

0.1275 

10000 

30 

0.0412 

000 

86 

0.0744 

jOOOO 

40 

0.0366 

000 

90 

0.0355 

10000 

5^J 

0.0313 

000 

05 

0.0142 

10000 

60 

0.0257 

1000 

0 

0.5968 

lOGOO 

70 

0.0201 

1000 

20 

0.5567 

10000 

80 

0.0140 

1000 

30 

0.5109 

10000 

85 

G.0125 

1000 

40 

0.4498 

10000 

90 

0.0104 

1000 

60 

0.3746 

10000 

95 

0.0084 

1000 

60 

0,2877 

-360- 


Table  37.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  lie- ni.sphe  rc 


60*  t  ®* 


Alii iuds 

F 

Al tl tud« 

F 

u. 

d«(;r««s 

n.  ». 

d«fire«« 

100 

0 

1 .0055 

1000 

70 

0.1936 

100 

•iO 

0.0496 

1000 

80 

0.M65 

JOO 

30 

0.a?78 

1000 

85 

0.0811 

100 

40 

0. 7792 

1000 

90 

0.0511 

100 

SO 

0.6S70 

1000 

95 

0.0296 

100 

60 

0.5140 

3000 

0 

0.1993 

100 

70 

0.3570 

300C 

20 

0.1P15 

IOC 

80 

0.1872 

3000 

30 

0.1787 

100 

85 

U. 1005 

3000 

40 

0.1605 

100 

90 

0.0210 

3000 

50 

0.1377 

100 

95 

o.ooia 

3000 

60 

0.1115 

300 

0 

0.8132 

3500 

70 

0.0839 

300 

20 

0.7720 

3000 

dO 

0.0573 

300 

30 

0. 7157 

3000 

86 

0.043J 

300 

40 

0.6376 

3000 

90 

O.034J 

300 

50 

0.6402 

3000 

95 

0.‘)2S4 

300 

60 

0. 4264 

6000 

0 

0.9^3;i 

300 

YO 

0.2088 

6000 

20 

0.0801 

300 

80 

0.  1625 

6C00 

39 

0.0747 

300 

85 

0.0958 

0000 

40 

0.0672 

300 

90 

0.0393 

6000 

6C 

0.0580 

300 

95 

0.0109 

6000 

60 

0.5477 

600 

0 

0.6416 

6000 

70 

O.OiTl 

600 

20 

0.6120 

6000 

80 

0.0271 

600 

3C 

0.5690 

6000 

85 

0.0225 

600 

40 

0.5086 

600C 

90 

0.0182 

600 

50 

0.4328 

6000 

95 

0.0146 

600 

60 

0. 3435 

10000 

0 

0,0766 

600 

70 

0. 2435 

10000 

20 

0.0368 

600 

80 

0.  1397 

10009 

30 

0.0343 

600 

85 

0.0903 

10000 

40 

600 

90 

0.0490 

xoooo 

50 

0.0268 

600 

95 

0.0216 

10000 

60 

0.0223 

1000 

0 

0.  4950 

10000 

70 

0.01 18 

1000 

20 

0.4738 

10000 

BO 

0.0134 

1000 

30 

0. 4413 

10000 

85 

0.0114 

1000 

40 

0. 3954 

10000 

90 

0.0595 

1000 

50 

0. 3375 

lOOUO 

96 

0.0076 

1000 

60 

0. 2689 

-  3  i'-  1 


able  38, 


Geometric  Factor  for  Reflected  Solar  Eradiation  to  a  (leinisphcr 


^  «  60*.  ^  -  30* 


Alii  tuati 

F 

A1  C.1  tud« 

^6 

F 

n.  *. 

dcdreev 

n.  M. 

dagreea 

100 

(1 

1.0055 

1000 

70 

0.1905 

100 

20 

0.  9490 

1000 

80 

0.1138 

100 

50 

0.  8763 

1000 

86 

0.0789 

100 

40 

0.7780 

1000 

90 

0.0494 

100 

SO 

0.66S6 

1000 

96 

O.O2B0 

103 

60 

0.5132 

3C00 

0 

0.1993 

100 

TO 

0.3SS3 

SOOO 

20 

0.1909 

100 

80 

0.1854 

3000 

30 

0.1779 

100 

85 

0.0987 

3000 

40 

0.1698 

100 

UO 

0.0209 

3000 

SO 

0.1366 

100 

95 

0  .0015 

3000 

60 

0.1103 

300 

0 

0.8132 

3000 

70 

0.0827 

300 

?c 

0.7709 

3000 

SO 

0.0382 

300 

30 

0.7)41 

3000 

86 

0.0443 

300 

40 

0.6357 

3000 

90 

0.0338 

300 

50 

0.5378 

3000 

93 

0.0248 

300 

60 

0.4237 

6000 

0 

0.0836 

330 

70 

0 .2960 

6000 

20 

0.0799 

300 

80 

0.1S97 

6000 

30 

0.0744 

300 

05 

0  4)933 

6000 

40 

0.0668 

300 

90 

0  4)378 

6000 

60 

0.0576 

300 

95 

0.0104 

0000 

60 

0.0473 

600 

0 

0.6410 

6000 

70 

0,0387 

600 

20 

0.6103 

6000 

80 

0.0267 

bOO 

30 

0.6667 

6000 

85 

0.0221 

600 

40 

0.5080 

6000 

9G 

0.0179 

600 

50 

0.4298 

6000 

95 

0c0142 

600 

60 

0.3403 

lOOOO 

0 

0.0386 

600 

70 

0.2402 

10009 

20 

C.0567 

600 

80 

0,1367 

10000 

30 

0.0342 

600 

85 

0.0878 

10000 

40 

U.0303 

600 

90 

0.0473 

10000 

50 

0.0267 

600 

95 

0.0213 

10000 

60 

0.0222 

1000 

lOOO 

0 

20 

0.4946 

0.4723 

10000 

10000 

TO 

80 

0,0176 

0.0133 

1000 

30 

0.4394 

lOOOO 

85 

0.0113 

ICOO 

40 

0.3931 

10000 

90 

C,0094 

1000 

50 

0.3348 

10000 

96 

0.0077 

iOOO 

60 

0  .2660 

5  b  Z  - 
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Table  39.  Geometric 

Factor  for 

Reflected  Solar  Radiation  to  a 

Hemisphe 

^ . 

.  60«, 

^  -  60* 

A1 ti tuda 

F 

Al tl tud* 

F 

0.  a. 

degreea 

n.  M. 

dagrta 

a 

100 

0 

1.0053 

1000 

70 

0.1824 

100 

20 

0.9472 

1000 

80 

0.1067 

100 

30 

0.8743 

1000 

85 

0.0728 

100 

40 

0.7747 

1000 

90 

0.0450 

100 

SO 

0.6517 

1000 

95 

0.0252 

100 

60 

0.5088 

3000 

0 

0.1990 

100 

70 

0.3505 

3000 

20 

0.1893 

100 

£0 

0.1804 

3000 

30 

0.1757 

100 

85 

0.0939 

3000 

40 

0.1567 

100 

00 

0.0184 

3000 

SO 

0.1333 

100 

06 

0.0012 

3000 

60 

0.1068 

300 

0 

0.8132 

3000 

70 

0.0793 

300 

20 

0.7680 

3000 

80 

0.0534 

300 

30 

0.7099 

3000 

85 

0.0419 

300 

40 

0.6303 

3000 

90 

0.0317 

300 

SO 

0.5315 

3000 

95 

0.0232 

300 

60 

0.4165 

6000 

0 

0.0835 

300 

70 

0.2881 

6000 

20 

0.0794 

300 

80 

0.1519 

6000 

30 

0.0736 

300 

85 

0.0864 

6000 

40 

0.0658 

300 

90 

0.0336 

6000 

50 

0.0564 

300 

95 

0,0090 

6000 

60 

0.0461 

«00 

0 

0.6397 

6000 

70 

0.0356 

600 

20 

0.6059 

6000 

80 

0.0257 

600 

30 

0.5610 

6000 

85 

0.0213 

600 

40 

0.4991 

6000 

90 

0.0172 

600 

60 

0.4220 

6000 

95 

0.0136 

600 

60 

0.3317 

10000 

0 

0.0385 

600 

70 

0.2312 

10000 

20 

0.0365 

600 

80 

0.1284 

10000 

30 

0.0339 

600 

85 

0.0808 

10000 

40 

0.0304 

600 

90 

0.0426 

10000 

50 

0.0263 

600 

95 

0.0188 

10000 

60 

0.0218 

1000 

0 

0.4937 

10000 

70 

0.0172 

1000 

20 

0.4685 

10000 

80 

0.0129 

1000 

30 

0.4343 

10000 

85 

0.0109 

1000 

40 

0.3869 

10000 

90 

0.0091 

1000 

so 

0.3277 

10000 

95 

0.0274 

1000 

60 

0.2581 

Table  40. 

Geometric 

Factor  for 

Reflected  Solar  Radiation  to  a 

Hernisph 

2^- 

00*  , 

(P^  m  90* 

Altitude  -Oe 

F 

A1 tl tod* 

^:i 

F 

a.  ■. 

de((r«e« 

n.  ■. 

degree* 

100 

0 

1  0055 

1000 

70 

0.1713 

100 

20 

0.0448 

1000 

80 

0.0009 

100 

30 

0.8708 

1000 

85 

0.0040 

100 

40 

0.7702 

1000 

90 

0.0390 

100 

50 

0.0403 

1000 

95 

0.0213 

100 

00 

0.5027 

3000 

0 

0.1987 

100 

70 

0.3430 

SOOO 

20 

0.1871 

100 

80 

0.1730 

3000 

30 

0.1727 

100 

85 

0.0873 

3000 

40 

0.1530 

100 

90 

0.0149 

3000 

50 

0.1290 

100 

05 

0.0009 

3000 

00 

0.1022 

300 

0 

0.8132 

3000 

70 

0.0748 

300 

20 

0.7641 

3000 

80 

0.0405 

300 

30 

0. 7042 

3000 

85 

0.0385 

300 

40 

0.0229 

3000 

90 

0.0289 

300 

50 

0.5227 

3000 

95 

0.0209 

300 

60 

0. 4000 

6000 

0 

0.0834 

300 

70 

0.2774 

6000 

20 

0.0780 

300 

80 

0. 1412 

0000 

30 

0.0720 

300 

85 

0.0770 

0000 

40 

0.0645 

300 

90 

0.0279 

6000 

60 

0.0549 

300 

96 

0. 0070 

6000 

00 

0.0445 

000 

0 

0. 6380 

6000 

70 

0,0341 

600 

20 

0. 6001 

0000 

80 

0.0244 

000 

30 

0.  5533 

6000 

85 

0.0201 

000 

40 

0. 4897 

0000 

90 

0.0101 

000 

50 

0.  4113 

0000 

95 

0.0127 

000 

00 

0.  3201 

10000 

0 

0.0384 

000 

70 

0. 2190 

10000 

20 

0.0303 

600 

80 

0. 1171 

10000 

30 

0.0335 

000 

80 

0.  0713 

10000 

40 

0. 0299 

000 

90 

0.  0361 

10000 

50 

0.0257 

000 

95 

0. 0154 

10000 

00 

0. 0212 

1000 

0 

0.  4920 

10000 

70 

0.  0107 

1000 

20 

0.  4635 

10000 

80 

0.0124 

1000 

30 

0.  4274 

10000 

85 

0.0105 

1000 

40 

0.  3784 

10000 

90 

0.0087 

1000 

50 

0. 3179 

10000 

95 

0.0091 

1000 

60 

0,  2474 

re 
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Table  41.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Hemisphere 


^  m  60«,  ^4“  »ao* 


Al ti iud* 

-e-a 

F 

Al tliud* 

ei 

F 

0* 

d^r««a 

a. 

dafraaa 

100 

0 

1 . 0066 

1000 

70 

0*1603 

ioo 

20 

0.9420 

1000 

80 

0.0671 

100 

30 

0«6073 

1000 

88 

0 . 0924 

100 

40 

0.7087 

1000 

90 

0.0S86 

100 

60 

0.  0409 

1090 

98 

0*0174 

100 

00 

0.  4907 

3000 

0 

0. 1984 

100 

70 

0. 3373 

3000 

20 

0* 1660 

100 

80 

0. 1007 

3000 

30 

0. 1697 

100 

60 

0.  0606 

3000 

40 

0.149i 

100 

90 

0.  0114 

3000 

SO 

0. 1646 

100 

96 

0.  0006 

3000 

60 

0.0978 

300 

0 

0.  8138 

3000 

70 

0.0703 

300 

20 

0. 7006 

3000 

80 

0.0466 

300 

30 

0.  0980 

3000 

80 

0.0381 

300 

40 

0.0188 

3000 

90 

0.0880 

300 

80 

0.  8139 

3000 

96 

0.0167 

300 

00 

0.  3960 

6000 

0 

0.0833 

300 

70 

0.  2067 

6000 

20 

0.0776 

300 

00 

0. 1306 

6000 

30 

O.O'^U 

300 

08 

0.  0076 

6000 

40 

0.0831 

300 

00 

0. 0281 

6000 

60 

0.0834 

300 

98 

0. 0081 

6000 

80 

0.0489 

000 

0 

0. 0304 

6000 

70 

0,0888 

000 

20 

0. 8943 

6000 

80 

0.0831 

000 

30 

0. 6487 

6000 

68 

0.0189 

000 

40 

0. 4606 

6000 

90 

0.0161 

000 

80 

0.  4007 

6000 

92 

0.0116 

000 

00 

0. 3084 

lOOOO 

0 

0.0364 

000 

70 

0.  8007 

10000 

80 

0.0360 

000 

00 

0.  1087 

10000 

30 

0. 0331 

000 

86 

0.0016 

lOOOC 

40 

C.0I94 

000 

90 

0.  0897 

10000 

60 

0.0868 

000 

90 

0. 0180 

10000 

80 

0.  0806 

1000 

0 

0.  4916 

10000 

70 

0.0161 

1000 

80 

C.  4684 

10000 

60 

0.0180 

1000 

30 

0.  4806 

lOOOO 

88 

0.0101 

1000 

40 

0.  3701 

10000 

90 

0.0061 

1000 

00 

0.  3066 

10000 

98 

0.0066 

1000 

60 

0.  8367 
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Table  4..’.,  Geottietric  Facloi-  lor  Reflected  Solar  Radiation  to  a  Hernisydie re 


Al  ti  «,ud« 

1 

o 

• 

F 

150* 

Al  ti tud* 

F 

n.  a. 

100 

de(|rreet 

0 

1  .  0056 

a.  ■. 

1000 

degrees 

70 

0.1522 

100 

20 

0.  0407 

1000 

80 

0.0790 

100 

30 

0.  3647 

1000 

85 

0.0504 

100 

40 

0^  7624 

1000 

90 

0.0285 

100 

50 

0.  6370 

1000 

05 

0.0148 

100 

60 

0.  4922 

3000 

0 

0. 1082 

100 

70 

0.  3325 

3000 

20 

0.1834 

100 

80 

0.  1617 

3000 

30 

0. 1675 

100 

85 

0.  0769 

3000 

40 

0.1465 

100 

00 

0.  0088 

3000 

50 

0.1214 

100 

06 

0.  0003 

3000 

60 

0.U041 

300 

0 

0.  8132 

3000 

70 

0.0660 

300 

20 

0  .  7573 

3000 

80 

0^0427 

300 

30 

0.  6943 

3000 

86 

0.0328 

300 

40 

0.  6101 

3000 

90 

0, 0740 

300 

50 

0  .  3075 

3000 

03 

0,0170 

300 

00 

0.  3894 

6000 

0 

0.0833 

300 

70 

0.  2589 

6000 

2U 

0.0/73 

300 

80 

0.  1227 

6000 

30 

0.0707 

300 

85 

0.  0606 

6C00 

40 

0.0621 

300 

00 

0.  0179 

6000 

60 

0. 0622 

300 

05 

0.  0037 

6000 

60 

0. 0417 

600 

0 

0.  6354 

60C0 

70 

0, 0314 

600 

20 

0.  5902 

6000 

80 

0. 0221 

600 

30 

0.  5402 

6000 

85 

0. 0180 

600 

40 

0.  4730 

6000 

90 

0. 0143 

6C0 

SO 

0,  393C 

6000 

05 

0.0112 

600 

80 

0.  2999 

10000 

0 

0.  0584 

600 

70 

0.  1978 

lOOOO 

20 

0. 0358 

600 

80 

0.  0974 

10000 

30 

9. 0328 

600 

85 

0.  0549 

lOOOO 

40 

0. 0201 

600 

90 

0.  0250 

10000 

30 

0.  0248 

600 

05 

0.  0095 

10000 

60 

0. 0202 

1000 

0 

0.  4908 

10000 

70 

0.  0157 

1000 

20 

0. 4348 

10000 

80 

0.  0116 

1000 

30 

0.  4167 

10000 

85 

0. 0097 

1000 

40 

0.  3640 

10000 

00 

0.  0080 

1000 

60 

0.  3012 

10000 

06 

0.  0565 

1000 

60 

0,  ?288 

Table  43.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Hemisphere 


^  -  80*  180* 


Al tl tudd 

F 

Al tl tad* 

F 

a.  ■. 

degrtet 

n.  H. 

d«gr«*a 

100 

0 

1  .  ooss 

1000 

70 

0.1492 

100 

20 

0.  9401 

1000 

80 

0.0773 

100 

30 

0 . 8638 

1000 

88 

0.0482 

100 

40 

0. 7612 

1000 

90 

0.0269 

100 

SO 

0.  8356 

1000 

96 

0.0136 

100 

60 

0.  4906 

3000 

0 

0.1982 

100 

70 

0.  3307 

3000 

20 

0.1829 

100 

SO 

0.  1599 

3000 

30 

0.1667 

100 

85 

0.  0742 

3000 

40 

0.1455 

100 

90 

0.  0079 

3000 

50 

0.1203 

100 

96 

0.  0003 

3000 

60 

0.0029 

300 

0 

0.  8132 

3000 

70 

0.0657 

300 

20 

0.  7563 

3000 

80 

0.0417 

300 

30 

0.  6928 

3000 

8S 

0.0317 

300 

40 

n.  8082 

3000 

90 

0.0232 

300 

SO 

0,  5051 

3000 

95 

0.0164 

300 

60 

0.  3867 

8000 

0 

0.0833 

300 

70 

0. 2560 

6000 

20 

0.0771 

300 

80 

0.1199 

9000 

30 

0.0704 

300 

85 

0.0581 

6000 

40 

0.0618 

300 

90 

0.  0164 

8000 

60 

0.0518 

300 

95 

0.  0032 

8000 

60 

0.0413 

600 

0 

0.  8352 

6000 

70 

0,0310 

800 

20 

0.  5888 

6000 

80 

0.0217 

600 

30 

0.  5383 

8000 

85 

0.0177 

800 

40 

0. 4714 

8000 

90 

0.0140 

600 

SO 

0. 3902 

8000 

95 

0.0109 

800 

60 

0. 2969 

10000 

0 

0.0384 

800 

70 

0. 1046 

10000 

20 

0.0357 

600 

80 

0.  0944 

10000 

30 

0.0327 

800 

86 

0. 0523 

10000 

40 

0. 0289 

600 

90 

0. 0233 

10000 

50 

0.0246 

600 

99 

0.  0086 

10000 

80 

0. 0201 

1000 

0 

0.  4907 

10000 

70 

0.0166 

1000 

20 

0.  4536 

10000 

BO 

0.  0115 

1000 

30 

0.  4140 

10000 

85 

0.0096 

1000 

40 

0.  3618 

10000 

90 

0. 0079 

1000 

SO 

0.  2986 

10000 

95 

0.0064 

1000 

60 

0.  2260 
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Table  44.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Hemisphere 


/  -  90*, 


Alii iud« 

F 

A1 tl tads 

O', 

F 

a.  ■* 

d«gr*e« 

O.  M. 

d«gr««a 

100 

0 

0.  7672 

1000 

70 

0.1471 

100 

20 

0« V26S 

1000 

80 

0.0917 

100 

20 

0.6725 

1000 

85 

0.0653 

100 

40 

n.  S981 

1000 

90 

0,0422 

100 

SO 

0.5055 

1000 

95 

0.0246 

100 

00 

0.3976 

3000 

0 

0.1304 

100 

70 

0. 2776 

3000 

20 

0.1328 

100 

80 

0. 1482 

3000 

30 

0.1249 

100 

8S 

0.0819 

2000 

40 

0.1132 

100 

90 

0. 0201 

3000 

50 

0.0082 

100 

05 

0.0015 

3000 

60 

0.0806 

300 

0 

0.  6026 

3000 

70 

0.0617 

300 

20 

0. 5753 

3000 

80 

0,0429 

300 

30 

0.  5351 

3000 

85 

0.0343 

300 

40 

0.  4786 

3000 

90 

0.0204 

300 

SO 

0.  4076 

3000 

98 

0,0197 

300 

60 

0.  3242 

6000 

0 

0.0563 

300 

70 

0.  2303 

6000 

20 

0.0547 

300 

80 

0. 1293 

6000 

30 

0.0514 

300 

85 

0. 0793 

6000 

40 

0.0463 

300 

90 

0. 0348 

6000 

50 

0. 0405 

300 

95 

0.  0101 

OOCO 

60 

0.0337 

600 

0 

0. 4651 

6000 

70 

0,0205 

eoc 

20 

0.  4474 

6000 

80 

0.0195 

600 

30 

0.4178 

6000 

85 

0. 0163 

6C0 

40 

0. 3756 

5000 

90 

0.0133 

000 

60 

0. 3220 

OOGO 

95 

0.0106 

600 

60 

0. 2584 

10000 

0 

0.0258 

000 

70 

0. 1867 

10000 

20 

0. 0249 

600 

80 

0. 1112 

lOUOO 

30 

0. 0234 

300 

85 

0.  0741 

ICOOO 

40 

0.0212 

600 

90 

0.  0418 

10000 

50 

0.0185 

600 

95 

0.  0196 

10000 

60 

0.0165 

1000 

0 

0. 3519 

10000 

70 

0. 0124 

1000 

20 

0.  3404 

10000 

80 

0. 0094 

1000 

30 

0. 3189 

10000 

85 

0.0080 

1000 

40 

Or  2078 

10000 

90 

0, 0067 

1000 

SO 

0,  2479 

10000 

96 

0.0065 

1000 

60 

0,  2002 
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Table  45.  Geometric 


Factor  for  Reflected  Solar  Radiation  to  a  Hemisphere 


Al tl tude 

F 

Altitnd* 

F 

a*  a* 

de|{r««a 

a.  ■. 

d«gr««« 

100 

0 

0.7672 

1000 

70 

(  1437 

100 

20 

0,7257 

1009 

80 

0.0886 

100 

30 

0.6714 

1000 

85 

0.0528 

100 

40 

0.6967 

1000 

90 

0.0403 

100 

SO 

0.5039 

1000 

95 

0.0234 

100 

00 

0.3957 

3000 

0 

0 .1363 

100 

70 

0.2755 

1000 

20 

0.1322 

100 

80 

0.1461 

3000 

30 

0.1240 

100 

8S 

0.0799 

3000 

40 

0.1120 

100 

90 

0.0191 

3000 

50 

0.0968 

100 

95 

0.0014 

3000 

60 

0.0792 

300 

0 

0.b026 

3000 

70 

0.0602 

300 

20 

0.5741 

3000 

80 

0.0417 

300 

30 

0.5333 

3000 

86 

0.0332 

300 

40 

0.4763 

3000 

90 

0.0256 

300 

SO 

0.4049 

3000 

95 

0.0189 

300 

60 

0.3211 

6000 

0 

0.0563 

300 

70 

0,2270 

8000 

20 

0.0545 

300 

80 

0.1260 

6000 

30 

0.0510 

300 

85 

0.0764 

6000 

40 

0.0461 

300 

90 

0.0330 

6000 

50 

0.0400 

300 

96 

0.0095 

6000 

60 

0.0332 

000 

0 

0.4644 

6000 

70 

0,0260 

eoo 

20 

0.4453 

6000 

80 

0.0191 

000 

50 

0.4153 

6000 

85 

0.0159 

000 

40 

0.3726 

6000 

90 

0.0130 

eoo 

60 

0.3186 

6000 

95 

0.0103 

000 

60 

0.2547 

10000 

0 

0.0258 

000 

70 

0.1829 

10000 

20 

0.0248 

000 

80 

0.1076 

10000 

30 

0.0232 

000 

86 

0.0712 

10000 

40 

0.0210 

000 

90 

0.0398 

10000 

50 

0.0183 

000 

95 

0.0185 

10000 

60 

0.0153 

1000 

0 

0.3514 

10000 

70 

0.0123 

1000 

20 

0.3387 

10000 

80 

0.0093 

1000 

30 

0.3167 

10000 

85 

0.0079 

1000 

40 

0.2851 

10000 

90 

0.0066 

1000 

50 

0.2448 

10000 

96 

0.0054 

1000 

60 

0. 1969 
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Table  46.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Hemispher 


A1 ti tude 

1 

CD 

o 

• 

» 

F 

A' 

60* 

A1 tl tuds 

F 

nc 

100 

degrees 

0 

0. 7672 

n.  a. 

1000 

degrees 

70 

0.1343 

100 

20 

0.7237 

1000 

80 

0  0803 

100 

30 

0«688S 

1000 

85 

0.0558 

100 

40 

0. 5929 

1000 

90 

0.0352 

100 

60 

>).4993 

1000 

95 

0.0201 

100 

60 

0.3900 

3000 

0 

0.1360 

100 

70 

0. 2700 

3000 

20 

0.1303 

100 

80 

0.1403 

3000 

30 

0.1214 

100 

85 

0.0744 

3000 

40 

0.1088 

100 

90 

0.0101 

3000 

50 

0.0931 

100 

06 

0. 0012 

3000 

00 

0.0762 

300 

0 

0.  6020 

3000 

70 

0.0604 

300 

20 

0. 5708 

3000 

80 

0.0384 

300 

30 

0. 5285 

3000 

85 

0.0303 

300 

40 

0.  4701 

3000 

00 

0.0232 

300 

50 

0. 3975 

3000 

95 

0.0170 

300 

60 

0.  3127 

6000 

0 

0.0562 

300 

70 

0. 2179 

6000 

20 

0.0638 

300 

80 

0. 1170 

OOOG 

30 

0.C501 

300 

85 

0. 0684 

6000 

40 

0.0450 

300 

90 

0. 0281 

6000 

SO 

0.0387 

300 

95 

0.  0079 

6000 

00 

0.0318 

000 

0 

0. 4628 

6000 

70 

0,0247 

600 

20 

C.  4403 

6000 

80 

0.0180 

000 

30 

0. 4080 

6000 

85 

0.0149 

000 

40 

0. 3046 

6000 

90 

0.0121 

600 

50 

i)  .  3095 

0000 

95 

0.0096 

000 

00 

0.  2448 

10000 

0 

0.0258 

000 

70 

0.  1725 

10000 

20 

0.0240 

600 

80 

0.  0980 

10000 

30 

0.0229 

600 

85 

0.  0631 

10000 

40 

0.0206 

000 

90 

C.  0343 

10000 

50 

0.0179 

000 

05 

0.  0150 

10000 

00 

0.0149 

1000 

0 

0.  3504 

10000 

70 

0.0118 

1000 

20 

0. 3343 

10000 

80 

0.0089 

1000 

30 

0.  3109 

10000 

85 

0.0075 

1000 

40 

0.  2779 

10000 

00 

0.0063 

1000 

50 

0.  2360 

10000 

95 

0. 0051 

1000 

00 

0,  1878 

Table  47.  GeoTcietric  Factor  for  Reflected  Solar  Radiation  to  a  Hemisphere 

^  -  90« 


Alt! iud« 

F 

n.  ■. 

degreea 

100 

0 

0*7072 

100 

20 

0. 7209 

100 

30 

0.6644 

100 

40 

0.5C77 

100 

SO 

0.4931 

100 

00 

0.3830 

100 

70 

0.2624 

100 

80 

0.1324 

100 

85 

0.0603 

100 

90 

0.0121 

100 

95 

0.0008 

300 

0 

0.6026 

300 

20 

0.5662 

300 

30 

0.5219 

300 

40 

0.4010 

300 

50 

0.3873 

3C0 

60 

0.3013 

300 

70 

0.2050 

300 

80 

0.1047 

300 

85 

0.057S 

300 

90 

0.0215 

300 

95 

0.0057 

000 

0 

0.4609 

000 

20 

0.4335 

000 

30 

0.3997 

000 

40 

0.3538 

600 

SO 

0.2972 

000 

00 

0.2315 

000 

70 

0.1384 

30C 

80 

0.0860 

000 

80 

0.0522 

000 

90 

0.0269 

000 

95 

0,0117 

1000 

0 

0.3491 

1000 

20 

0.3285 

1000 

30 

0,3029 

1000 

40 

0.2682 

1000 

60 

0.2253 

1000 

00 

0.1754 

A1 tl tadtt 

^3 

F 

n.  ■. 

d«sr«es 

1000 

70 

0.1210 

1000 

80 

0.0690 

1000 

85 

0.0403 

1000 

90 

0.0282 

1000 

95 

0.0150 

sooo 

0 

0.1357 

3000 

20 

0.1278 

sooo 

30 

0.1180 

3000 

40 

0.1045 

3000 

50 

0.0881 

3000 

6U 

0.9608 

3000 

70 

0.0512 

30C0 

80 

0.0339 

3000 

85 

0.0264 

3000 

90 

0,0199 

3000 

95 

0.0144 

6000 

0 

0.0501 

6000 

29 

0.0529 

6000 

30 

0.0489 

6000 

40 

0.0434 

6009 

50 

0.0370 

6000 

60 

0.0300 

6000 

70 

0,023C 

6000 

8C 

0.0105 

6000 

85 

0.0135 

6000 

90 

0.0109 

6000 

95 

0.0080 

10000 

0 

0.0257 

10000 

20 

0.0243 

lOOOC 

30 

0.0224 

10000 

40 

0.0200 

10000 

50 

0.0172 

10000 

00 

0.0142 

10000 

70 

0.0112 

10000 

80 

0.0083 

10000 

85 

0.0070 

10000 

90 

0.0058 

10000 

95 

0.0047 
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Tabic  JiS.  Geometric  Factor  tor  Keflcctcd  Sola r  Radiation  to  a  Hemibphere, 

^  «  90*  t  ^-120* 


A 1 tl tud* 

C* 

A1  ti tttd* 

^6 

F 

n  >  ■. 

dej;  re«ti 

n.  n. 

degravs 

100 

0 

0.7072 

1000 

70 

0.1088 

ICO 

<i0 

0.7182 

1000 

BO 

0.0577 

100 

30 

0.0004 

1000 

85 

0.0309 

100 

40 

0.S825 

1000 

90 

0.0212 

100 

50 

0.4800 

1000 

95 

O.Olll 

100 

50 

0.3700 

3000 

0 

0.1354 

IOC 

70 

0.  2548 

3000 

20 

0.1253 

100 

60 

0.  1245 

3000 

30 

0.1145 

100 

as 

0.  0592 

3000 

40 

0.1002 

lOQ 

90 

0.  0080 

3000 

50 

O.0831 

100 

95 

U.  0004 

3000 

00 

0.0648 

300 

0 

0.  6020 

3000 

70 

0.0469 

300 

20 

0„  5017 

3000 

80 

0.0294 

300 

30 

0.  5152 

3000 

85 

0.0225 

300 

40 

0.  4531 

3000 

90 

0.0156 

300 

30 

0.  3772 

3U00 

95 

0.0118 

300 

60 

0.  2808 

6000 

0 

0.0551 

300 

70 

0.  1932 

6000 

20 

0.0520 

300 

UO 

0.  0924 

6000 

30 

0.0479 

300 

85 

0.  0400 

6000 

40 

U.0419 

300 

90 

0.  0149 

6000 

50 

0.0352 

300 

95 

0.  0035 

6000 

60 

0.0281 

000 

0 

0.  4591 

6000 

70 

0,0212 

600 

2C 

C.  4269 

6000 

80 

0.0149 

000 

30 

0. 3909 

6000 

85 

0.0121 

300 

40 

0.  3431 

6000 

90 

0.0097 

000 

50 

0.  2849 

0000 

95 

0.0079 

000 

90 

0.  2178 

10000 

0 

0.0257 

000 

70 

0. 1443 

10000 

20 

000239 

600 

80 

0.  0719 

10000 

30 

0.0220 

000 

85 

0.  0412 

10000 

40 

0.0198 

000 

90 

0.  0195 

10000 

50 

0.0159 

ouo 

95 

0.  0078 

10000 

60 

0.0135 

1000 

0 

0.  3479 

10000 

70 

0.0105 

'000 

\i0 

0.  3227 

10000 

80 

0.0078 

1000 

30 

0.  2051 

10000 

85 

0.0065 

1000 

40 

0.  2585 

10000 

90 

0.0054 

1000 

50 

0.  2141 

10000 

95 

0.0044 

1000 

00 

0,  1630 

k 
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Table  49.  Geometric  Factor 

/  -  00*  , 


Al tl tude 

Os 

r 

n < 

dci;reea 

100 

0 

0.7072 

ICO 

^0 

0-  7102 

lOT 

30 

0.  0574 

100 

40 

0*  5787 

100 

so 

(*.  4824 

100 

00 

0- 3714 

100 

70 

0. 2492 

100 

CO 

0*  M88 

100 

83 

<i»0530 

100 

90 

o.ooso 

100 

96 

9.0001 

300 

0 

0.0020 

300 

•*0 

0.5634 

300 

30 

0.6104 

300 

40 

9.4489 

300 

50 

0.369S 

300 

60 

0  2«14 

300 

70 

4.1842 

300 

HU 

Oo(»834 

300 

HS 

0.0387 

300 

90 

0.0101 

300 

95 

0.0019 

000 

0 

0.4579 

000 

20 

0.4221 

000 

30 

0 .3846 

000 

40 

0.3354 

000 

50 

0 .2700 

000 

00 

0 .2080 

000 

70 

0.1339 

000 

80 

0.0023 

000 

80 

OJ0332 

000 

90 

0.0140 

000 

95 

0.0050 

1000 

0 

0.3471 

1000 

20 

0.318S 

1000 

30 

0.2894 

1000 

40 

0.2S1S 

1000 

60 

0.2000 

1000 

00 

0.1540 

150* 


A 1  t \ tud« 

F 

fl.  B. 

d«8re»8 

1000 

70 

0,  0985 

1000 

80 

0.  0495 

1000 

83 

0.  0299 

tOOO 

90 

0.  0151 

1000 

96 

0.  0072 

3000 

0 

0. 1352 

}000 

20 

0. 1236 

3000 

30 

0. 1120 

3000 

40 

0.0970 

30(0 

50 

Oc0794 

3000 

00 

O.OOOS 

5000 

70 

0.04?1 

5000 

80 

0.0251 

3000 

85 

0.0190 

3000 

90 

U.0142 

3000 

95 

0.0099 

O'^OO 

0 

0.0550 

0000 

20 

0.0514 

0000 

30 

0.0467 

0000 

40 

0 . 0407 

0000 

BO 

0.0339 

0000 

00 

0.0208 

0000 

70 

0,0169 

0000 

00 

0.013S 

0000 

85 

0.0111 

0000 

90 

0.0088 

0000 

90 

0.0008 

10000 

0 

0.0257 

lOCOO 

20 

0.0257 

10000 

30 

0.0210 

10000 

40 

0.0190 

10000 

50 

O.OIOl 

10000 

00 

C.0131 

10000 

70 

0.0301 

10000 

80 

0.0074 

10000 

85 

0.0081 

10000 

90 

0.0050 

10000 

95 

0.0041 
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Table  5('.  Cic-ometric  Factor  for  Reflected  Solar  Radiation  to  a  Hemispher 


if'  •  IJO*,  ^  •  10O* 


A1 ti iu 

03 

F 

A1 tl ittdc 

F 

a.  a. 

a.  0. 

d«gr««a 

100 

0 

0. TOTS 

1000 

70 

0.0961 

100 

20 

0. 7184 

1000 

60 

0.0464 

100 

30 

0. 6603 

loco 

86 

0.0274 

100 

HO 

4.  6773 

1000 

90 

0.0143 

100 

ISO 

0. 480? 

1000 

96 

0.0067 

100 

60 

C. 3600 

3000 

0 

0. 1361 

100 

70 

0. 2472 

3000 

20 

0.1229 

100 

80 

0. 1167 

3000 

30 

0.1111 

100 

85 

o.csio 

3000 

40 

0.0968 

100 

00 

0. 0040 

3000 

SO 

0.0781 

100 

06 

0.  0001 

3000 

60 

0.0691 

300 

0 

0.  6026 

3000 

70 

0.0407 

300 

20 

0.  '■572 

3000 

80 

0.0249 

300 

30 

0.  ,U80 

3000 

86 

0.0186 

300 

HO 

0. 4440 

3000 

90 

0.0133 

300 

SO 

0. 3670 

31)00 

99 

0.0092 

300 

60 

0. 1809 

6000 

0 

0.0500 

300 

70 

0. 2784 

6000 

20 

0.0612 

300 

SO 

0.0801 

6000 

30 

0.0464 

300 

86 

0.0368 

OCOO 

40 

0.0403 

300 

00 

0.0063 

6000 

60 

0.0334 

300 

06 

0. 0013 

6000 

60 

0.0203 

900 

0 

0. 4670 

6000 

70 

0,0194 

000 

20 

0. 4208 

6000 

80 

0.0134 

600 

30 

0.3824 

6000 

86 

0.0108 

•OU 

HO 

0, 3327 

6000 

90 

0.008S 

600 

60 

0. 2728 

6000 

96 

0.0066 

600 

00 

0.2046 

10000 

0 

0.0267 

000 

70 

0. 1302 

10000 

20 

0.0236 

600 

80 

0.0688 

lOCOO 

30 

0.021s 

600 

86 

0.0303 

10000 

40 

0.0189 

600 

90 

0.0120 

10000 

60 

0.0159 

600 

06 

0.0039 

10000 

60 

0.0129 

1000 

0 

0.3409 

10000 

70 

0.0096 

1000 

20 

0.2874 

10000 

80 

0.00T2 

1000 

30 

0.3171 

10000 

86 

0.0060 

1000 

40 

0.2490 

10000 

90 

0.0046 

1000 

60 

0. 2C30 

10000 

96 

0.0040 

1000 

00 

0,1607 
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Table  51.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Hemisphere 

/  .  120* 


Al tl iuda 

F 

a. 

deffraaH 

100 

0 

0 • 8289 

100 

20 

0 . 5018 

100 

30 

0 • 4061 

100 

40 

8.  4U2 

100 

60 

0  3607 

100 

00 

0. 2760 

100 

70 

0.1940 

100 

80 

0.1060 

100 

85 

0.059S 

100 

90 

0.0103 

100 

•0 

o.oon 

300 

0 

0.3920 

30C 

20 

0.3702 

300 

30 

0.3S10 

300 

40 

0. 3150 

300 

SO 

0.  2090 

300 

GO 

0.2108 

300 

10 

0. 1S51 

300 

80 

0.0890 

300 

86 

0.0570 

300 

so 

0.0267 

300 

«s 

0.  0082 

000 

0 

0.  2870 

000 

20 

0,  2790 

000 

30 

0.  2019 

000 

40 

0.  2309 

000 

60 

0.  2040 

000 

00 

0.  1000 

000 

70 

0. 1224 

000 

80 

0.  0750 

000 

80 

0.  0621 

000 

90 

0.  0305 

000 

9S 

0.  0148 

1000 

0 

0.  2081 

1000 

20 

0.  2038 

1000 

30 

0.  1923 

1000 

40 

0.  1700 

1000 

SO 

9.  1623 

1000 

00 

0.  1260 

0* 


Al tl4ad« 

^5 

F 

c. 

dtgraas 

1000 

70 

0  0040 

1000 

80 

0.0008 

1000 

86 

0.0445 

1000 

90 

0.0296 

1000 

95 

0.0177 

3009 

0 

0.0734 

3000 

20 

0.0729 

3000 

30 

0.0693 

3000 

40 

0.0635 

3000 

SC 

0.0500 

3000 

60 

0.0408 

3000 

70 

0.0305 

3000 

80 

0.0232 

3000 

85 

0.C212 

3000 

90 

0.0106 

3000 

08 

6.0C02 

6000 

0 

0.0291 

6000 

20 

0.0288 

0000 

30 

0.0273 

6000 

40 

0.0251 

0000 

60 

0.0221 

0000 

00 

0.0187 

0000 

70 

0,0149 

0000 

80 

0.0112 

6000 

80 

0.0094 

6000 

90 

0.0077 

0000 

95 

0.0062 

10000 

0 

0.0131 

10000 

20 

0.0129 

10000 

30 

0.0122 

10000 

40 

0.0111 

10000 

50 

C.0098 

10000 

00 

0.  0083 

10000 

70 

0. 0097 

10000 

80 

0.  0052 

10000 

85 

0.  0044 

10000 

90 

0.  0037 

10000 

95 

0.  0031 
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Table  52.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Hemisphere 


^  m  120f  30* 


kl tl iudt 

F 

Altitvdtt 

F 

u.  ■. 

degr««s 

n. 

d«cr««a 

100 

0 

0. 5280 

1000 

70 

0.0910 

100 

20 

0. 6012 

1000 

80 

0.0582 

100 

30 

0.  4641 

1000 

88 

0.0423 

100 

40 

0.  4130 

1000 

60 

0.0279 

100 

SO 

0.  3403 

1000 

05 

0.0108 

100 

00 

0.  2750 

>000 

0 

0.0733 

100 

70 

0.  1023 

>000 

20 

0.0723 

100 

80 

0.  1031 

3000 

30 

0.0085 

100 

83 

0,  0570 

3000 

40 

0.0028 

100 

90 

0.  0153 

3000 

50 

0.0548 

100 

OS 

0.  0012 

3000 

00 

0.0458 

300 

0 

0»  3920 

3000 

70 

0.0354 

300 

20 

0.  3752 

3000 

80 

0.0251 

300 

30 

0.  3404 

3000 

85 

0.0203 

300 

40 

0.  3131 

3000 

00 

0.0158 

300 

SO 

0.  2172 

3000 

98 

0.0119 

300 

60 

0.  2132 

0000 

0 

0.0291 

300 

70 

0.  1S23 

6000 

20 

0.0288 

300 

80 

0.  0807 

0000 

30 

0.0270 

300 

8S 

0.  0544 

0000 

40 

0.0247 

300 

90 

0.  0251 

0000 

60 

0.0217 

300 

96 

0,  0077 

0000 

00 

0.0182 

000 

0 

0.  2800 

0000 

70 

0,0145 

600 

20 

0,  2773 

0000 

80 

0.0108 

000 

30 

0.  2507 

0000 

8S 

0.0091 

000 

40 

0.  2342 

0000 

90 

0.0075 

000 

so 

0.  2010 

0000 

OS 

0. 0000 

000 

00 

0.  1028 

10000 

0 

0.  0131 

000 

70 

0.  1100 

10000 

20 

0.  0128 

000 

80 

0*  0725 

10000 

30 

0.  0120 

000 

80 

0«  0405 

10000 

40 

0.  0110 

000 

90 

0.  0288 

10000 

80 

0.  0097 

000 

96 

0.  0130 

10000 

00 

0.  0082 

1000 

0 

0,  2077 

10000 

70 

0.  0090 

1000 

20 

0.  2024 

10000 

80 

0.  0051 

1009 

30 

0.  1004 

10000 

85 

0.  0043 

1000 

40 

0.  1727 

10000 

90 

0.  0030 

1000 

so 

0.  1407 

10000 

9S 

0.  0030 

1000 

60 

0,  1221 
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Table  53.  Geometric  Factor 


for  Reflected  Solar  Radiation  to  a  Hemisphere 


^  -  120*, 


Al tl tude 

F 

n. 

degreea 

100 

0 

0.  6280 

100 

20 

0.  4994 

100 

30 

0. 4616 

100 

40 

0.  4097 

100 

60 

0.3463 

100 

60 

0.2705 

100 

70 

0. 1875 

100 

BO 

0.0981 

100 

85 

0.0528 

100 

90 

0.0127 

100 

06 

0.0010 

300 

0 

0. 3920 

300 

20 

0. 3723 

300 

30 

0. 3452 

300 

40 

0. 3077 

300 

50 

0. 2607 

300 

CO 

0. 2059 

300 

70 

0.  1444 

300 

80 

0. 0789 

300 

86 

0.  0475 

300 

90 

0. 0209 

300 

06 

0.  0063 

600 

0 

0.  2856 

600 

20 

0.  2729 

600 

30 

0.  2540 

600 

40 

0. 2273 

600 

50 

0.  1938 

600 

60 

0.  1542 

600 

70 

0.  1101 

600 

80 

0. 0642 

600 

86 

0.  0426 

600 

90 

0.  0241 

600 

95 

0.  0116 

1000 

0 

0.  2068 

1000 

20 

0.  1986 

1000 

30 

0.  1853 

1000 

40 

0.  1665 

1000 

50 

0.  1426 

1000 

60 

0.  1142 

m  eo* 


Al tltud* 

^5 

F 

a.  a. 

1000 

d«sr«ca 

70 

0.0829 

1000 

80 

0.0510 

1000 

86 

0.0363 

1000 

90 

0.0235 

1000 

95 

0.0138 

3000 

0 

0.0730 

3000 

20 

0.0707 

3000 

30 

0.0662 

3000 

40 

0.0598 

3000 

50 

0.0516 

3000 

60 

0.0422 

3000 

70 

0.0321 

3000 

80 

0.0223 

3000 

85 

0.0178 

3000 

90 

0.0137 

3000 

95 

0.0102 

6000 

0 

0.0290 

6000 

20 

0.0280 

6000 

30 

0.0263 

6000 

40 

0.0237 

6000 

60 

0.0206 

6000 

60 

0.0171 

6000 

70 

0,0134 

6000 

80 

0.0099 

6000 

85 

0.0082 

6000 

90 

0.0067 

6000 

95 

0.0053 

10000 

0 

0.0131 

10000 

20 

0.0126 

10000 

30 

0.0118 

10000 

40 

0. 0106 

10000 

50 

0.0093 

10000 

60 

0. 0078 

10000 

70 

0. 0062 

10000 

80 

0.0047 

10000 

85 

0.0040 

10000 

90 

0. 0033 

10000 

95 

0.  0027 
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Table  54. 

Geometr 

ic  Factor 

for  Reflected  Solar  Radiation  to 

a  Hemis 

^  -  120'' 

9o* 

Al tl iude 

F 

Alt! tud« 

^5 

F 

n .  ■. 

decrees 

a.  ■. 

degrftea 

100 

0 

0.5280 

1000 

70 

0.0718 

100 

20 

0.4070 

1000 

80 

0.0412 

100 

30 

0.4581 

1000 

85 

0.0281 

100 

40 

0.4052 

1000 

90 

0.0175 

100 

60 

0.3400 

1000 

96 

0.0099 

100 

60 

0.2644 

sooo 

0 

0.0727 

100 

70 

0.1800 

sooo 

20 

0.0085 

100 

80 

0.0913 

3000 

30 

0.0632 

100 

85 

0.0462 

3000 

40 

0.0560 

100 

90 

0.0092 

3000 

50 

0.0472 

100 

05 

0.0007 

3000 

60 

0.0375 

300 

0 

0.3620 

3000 

70 

0.0275 

300 

20 

0.3684 

3000 

80 

0.0184 

300 

30 

0.3395 

3000 

85 

0.0144 

300 

40 

0.3003 

3000 

90 

0.0109 

300 

SO 

0.2520 

3000 

95 

0.0045 

300 

60 

0. 1960 

6000 

0 

0.0289 

300 

70 

0.1337 

6000 

20 

0.0273 

300 

80 

0.0682 

6000 

30 

0.0252 

300 

85 

0.0381 

6000 

40 

0.0224 

300 

90 

0.0152 

6000 

50 

0.0191 

300 

95 

0.0043 

6000 

00 

0.0155 

600 

0 

0.2839 

6000 

70 

0,0119 

600 

20 

0.2671 

6000 

do 

0.0085 

600 

30 

0.2463 

6000 

85 

0.0070 

600 

40 

0.2180 

6000 

90 

0.0057 

600 

60 

0.1831 

6000 

95 

0.0045 

600 

60 

0.1426 

10000 

0 

0.0130 

600 

70 

0.0978 

10000 

20 

0.0123 

600 

80 

0.0529 

10000 

30 

0.0114 

600 

88 

0.0330 

10000 

40 

0.0101 

600 

60 

0.0176 

10000 

50 

0.0087 

600 

95 

0.0081 

10000 

00 

0.0072 

1000 

0 

0. 2056 

10000 

70 

0.0057 

1000 

20 

0. 1935 

10000 

80 

0.0042 

1000 

30 

0. 1785 

10000 

85 

0.0036 

1000 

40 

0. 1580 

10000 

90 

0.0029 

1000 

50 

0. 1328 

10000 

96 

0.0024 

1000 

60 

0. 1035 
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Table  55. 


Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Memisphere 


120*, 

120* 

A1 ti tude 

F 

A1 ti tod* 

F 

a.  ■. 

de/;reet 

n.  ■. 

d«gr*ea 

100 

0 

0.6289 

1000 

70 

0. 0608 

100 

20 

0.4946 

1000 

80 

0. 0314 

100 

30 

0.4546 

1000 

85 

0, 0198 

loo 

40 

0.4007 

1000 

90 

0. 0114 

100 

SO 

0.3346 

1000 

95 

0. 0060 

100 

60 

0.2584 

SOOO 

0 

0. 0725 

100 

70 

0.1743 

1000 

20 

0. 0664 

100 

80 

0,0845 

3000 

30 

0. 0602 

100 

8S 

0.0395 

3000 

40 

0.  0523 

100 

90 

0.0057 

3(^00 

SO 

0. 0429 

100 

95 

0,0004 

300G 

60 

0. 0328 

300 

0 

0.3020 

3000 

70 

0. 023C 

300 

20 

0.3645 

COOO 

80 

0.  0185 

300 

30 

0.2338 

3000 

85 

0. 0110 

300 

40 

0.2029 

3000 

90 

0.  0060 

300 

50 

0,2432 

3000 

95 

0.  0057 

300 

00 

0.1861 

6000 

0 

0. 0288 

300 

70 

0.1230 

60UU 

20 

0.  0265 

300 

80 

U.0S76 

6000 

30 

0. 0241 

300 

85 

0.0287 

5000 

40 

0. 0210 

300 

90 

0.0095 

6000 

50 

0. 0175 

300 

95 

0.U024 

6000 

60 

0. 0139 

000 

0 

0.2823 

6000 

70 

0,  0103 

600 

20 

0.2613 

6000 

80 

0.  0072 

600 

30 

0.2387 

6000 

85 

0.  0058 

600 

40 

0.2088 

6000 

90 

0. 0045 

600 

SO 

0.1725 

6000 

95 

0.  0036 

600 

60 

0.1309 

10000 

0 

0.  0130 

600 

70 

0.0856 

10000 

20 

0.  0120 

600 

80 

0.0416 

10000 

30 

0. 0110 

600 

86 

0.0235 

10000 

40 

0.  0096 

600 

90 

0.0112 

10000 

50 

0. 0082 

600 

95 

0.0047 

10000 

50 

0.  0066 

1000 

0 

0.2046 

10000 

70 

0.  0051 

1000 

20 

0.1885 

10000 

80 

0.0037 

1000 

30 

0.1717 

10000 

85 

0.0031 

1000 

40 

0.1497 

10000 

90 

0. 0025 

1000 

50 

0.1231 

10000 

96 

0.0021 

1000 

60 

0,0927 
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Table  56.  Geometric  Factor  for  Reflected  Solc.r  Radiation  to  a  Hemisphe 


^  «  120* »  180“^ 


Alti  tud« 

F 

Altliud* 

F 

0* 

d«d;rt9« 

D.  ft. 

)00 

0 

0.  8280 

1000 

70 

0r0527 

100 

20 

0.  4029 

1000 

80 

0.0243 

100 

30 

G.  4520 

1000 

88 

0.0139 

100 

40 

0.3974 

1000 

90 

0.0070 

100 

30 

0.3307 

1000 

96 

0.0032 

100 

00 

0.2639 

8000 

0 

0.0723 

100 

70 

0. 1098 

sooo 

20 

0.0048 

100 

80 

0.0794 

3000 

30 

0.0581 

ioo 

88 

0.0348 

3000 

40 

0.0498 

100 

00 

0.0052 

3000 

SO 

0.0397 

100 

08 

0.0001 

3000 

00 

0.0294 

300 

0 

0.3920 

3000 

70 

0.0107 

300 

20 

0.3610 

3000 

80 

0.0116 

300 

30 

0.3298 

3000 

85 

0.0088 

300 

40 

0.2878 

3000 

90 

0.0000 

300 

SO 

0.2308 

3000 

98 

G.0041 

300 

60 

0.176S 

6000 

e 

0.0288 

500 

70 

0.1152 

6000 

20 

0.02S8 

300 

80 

0.0498 

0000 

30 

0.0233 

300 

85 

0.0218 

6000 

40 

0.0200 

300 

00 

0.0063 

0000 

50 

0.0104 

300 

98 

0.0010 

6000 

00 

0.0127 

000 

0 

0.2813 

0000 

70 

0,0092 

000 

20 

0.2672 

0000 

80 

0.0002 

000 

30 

0.2332 

0000 

88 

0.0049 

000 

40 

0.2020 

0000 

90 

0.0038 

000 

so 

0.1048 

0000 

98 

0.0029 

000 

00 

0.1224 

10000 

0 

0.0130 

000 

70 

0.0700 

10000 

20 

0.0118 

000 

80 

0.0333 

10000 

30 

0.0107 

000 

88 

9.0100 

10000 

40 

0.0093 

000 

00 

0.0065 

10000 

50 

0.0078 

000 

98 

0.0022 

10000 

00 

0.0002 

1000 

0 

0.2039 

10000 

70 

0.0047 

1000 

20 

0.1849 

10000 

80 

0.0034 

1000 

3C 

0.1008 

10000 

08 

0.0028 

1000 

40 

0.1430 

10000 

90 

0.0083 

1000 

80 

0.1100 

10000 

98 

0.0018 

1000 

00 

0.0849 

Table  57. 


Geometric  Factor  for 


Reflected  Solar  Radiation  to  a  Hemisphere 


P  «  120*  , 


Altliud* 

F 

a. 

d«gr««a 

100 

0 

0.5289 

100 

20 

0.4022 

100 

so 

0.4511 

100 

40 

0.3962 

100 

so 

0.3292 

100 

00 

0.2523 

100 

70 

0.1677 

100 

80 

0.0770 

100 

85 

0.0330 

100 

90 

0.0022 

100 

98 

0.0000 

300 

0 

0.3020 

300 

20 

0.3008 

300 

30 

0.3280 

300 

40 

0.2856 

300 

80 

0.2344 

300 

60 

O.lTOl 

300 

70 

0.1123 

300 

80 

0.0469 

300 

88 

0.0192 

300 

90 

0.0037 

300 

98 

0.0005 

000 

0 

0.2811 

000 

20 

0.2558 

000 

30 

0.2313 

000 

40 

0.1907 

000 

80 

0.1620 

000 

00 

0,1194 

000 

70 

0.0734 

too 

80 

0.0302 

000 

80 

0.0141 

000 

90 

0.0048 

000 

98 

0.0013 

1000 

0 

0.2037 

1000 

20 

0.1837 

1000 

30 

0.1050 

1000 

40 

0.1414 

1000 

80 

0.1135 

1000 

00 

0.0821 

Altlt«d« 

F 

B.  B. 

d«gr««s 

1000 

70 

04)497 

1000 

eo 

0.0210 

1000 

88 

0.0117 

1000 

90 

0.0054 

1000 

98 

0.0022 

8000 

0 

0.0723 

8000 

20 

0.0043 

3000 

30 

0.0573 

3000 

40 

0.0488 

3000 

80 

0.0386 

3000 

00 

0.0282 

3000 

70 

0.0185 

3000 

80 

0.0106 

3000 

88 

0.0076 

3000 

90 

0.0052 

3000 

98 

0.003^ 

0000 

0 

0.0288 

8000 

20 

0.0257 

0000 

30 

0.0230 

0000 

40 

0U>197 

0000 

80 

0.0160 

0000 

00 

0.0123 

0000 

70 

0,0088 

0000 

80 

0.0058 

0000 

85 

04)040 

0000 

90 

04)030 

0000 

08 

04)027 

10000 

0 

04)130 

10000 

20 

0.0117 

10000 

30 

0.0100 

10000 

40 

0.0092 

10008 

80 

0.0070 

10000 

00 

0.0060 

10000 

70 

0.0040 

10000 

80 

0.0032 

10000 

80 

0.0027 

10000 

fO 

0.0022 

10000 

98 

0.0017 

rfCTOff 


Table  58.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Hemispher 


■ 

160*, 

^4“®” 

Altiiuda 

F 

Alt! tad* 

F 

o. 

d«gr««s 

a.  K. 

d«gr*«* 

100 

0 

0.3545 

1000 

70 

0.0482 

100 

20 

0.3359 

1000 

80 

0.0322 

100 

30 

0.3111 

1000 

86 

0.0242 

100 

40 

0.2708 

1000 

00 

0.0109 

100 

so 

3.2341 

1000 

06 

0.0102 

100 

00 

0.1842 

SOOO 

0 

0.0270 

100 

70 

0.1268 

1000 

20 

0.0270 

100 

80 

0.0891 

3000 

30 

0.0207 

100 

85 

O.0S37 

3000 

40 

0.0249 

100 

00 

0.0112 

3000 

60 

0.0224 

100 

08 

0.0010 

3000 

90 

0.0192 

300 

0 

0.2379 

3000 

70 

0.0155 

300 

20 

0.2281 

3000 

80 

0.0115 

300 

30 

0.2120 

3000 

88 

0.0095 

300 

40 

0.190? 

3000 

00 

0.0076 

300 

50 

0.1030 

3000 

08 

0.0058 

300 

60 

0.1304 

6000 

0 

0.0091 

300 

70 

0.0035 

0000 

20 

0.0094 

300 

80 

0.0538 

0000 

30 

O.OCOl 

300 

86 

0.0348 

0000 

40 

0.0085 

300 

90 

0.0172 

6000 

60 

0.0077 

300 

96 

0.0050 

0000 

60 

0.0007 

000 

0 

0.1500 

0000 

70 

0,0056 

000 

20 

0. 1522 

0000 

80 

0.0042 

000 

30 

0.1431 

0000 

88 

0.0030 

000 

40 

0.1295 

0000 

00 

0.0030 

000 

60 

0.1121 

0000 

08 

0.0028 

000 

00 

0.0912 

10000 

0 

0.0038 

000 

70 

0.0077 

10000 

20 

0.0038 

000 

80 

0.0425 

10000 

30 

0.0037 

000 

86 

0.0300 

10000 

40 

0.0035 

000 

90 

0.0183 

10000 

80 

0.0031 

000 

06 

0.0093 

10000 

60 

0.0027 

1000 

0 

0.1022 

10000 

70 

0.0022 

1000 

20 

0.1008 

lOOOO 

80 

0.0018 

1000 

30 

0.0956 

10000 

86 

0.0016 

1000 

40 

0.0872 

10000 

00 

0.00)3 

1000 

60 

0.0704 

10000 

66 

0.0011 

1000 

60 

0.0638 
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Table  59.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Hemisphere 


- 1 

COS 

30* 

Os 

F 

A1 tltads 

% 

F 

a.  •*» 

degrees 

a.  a. 

degrees 

100 

0 

0.354& 

1000 

70 

0.0465 

100 

^0 

0 • 3358 

1000 

60 

0.0306 

100 

so 

0.310S 

1000 

86 

0.0229 

100 

40 

0,2761 

1000 

90 

0.0157 

100 

30 

0.2332 

1000 

96 

0.0096 

iOO 

SO 

0.1833 

8000 

0 

0.0270 

100 

70 

0.1278 

8000 

20 

0.0273 

100 

80 

0.0680 

3000 

30 

0.0262 

100 

80 

0.0377 

3000 

40 

0  4)243 

100 

00 

0.0107 

3000 

60 

0.0217 

100 

98 

0.0009 

3000 

60 

0.0185 

300 

0 

0.2379 

3000 

70 

0.0148 

300 

20 

0.2274 

3000 

80 

0.0109 

300 

30 

0.2117 

3000 

88 

0.0090 

300 

40 

0.1896 

3000 

90 

0.0071 

300 

80 

0.1617 

3000 

98 

0*0055 

300 

60 

0.1288 

6000 

0 

0.0091 

300 

70 

0.0918 

6000 

20 

0.0092 

300 

80 

0.0522 

6000 

30 

0.0089 

300 

88 

0.0333 

6000 

40 

0.0083 

300 

00 

0.0163 

6000 

50 

0.0075 

300 

98 

0.0033 

6000 

60 

0.0064 

000 

0 

0.1562 

6000 

70 

0,0053 

000 

20 

0.1512 

6000 

80 

0.0040 

000 

30 

0.1418 

6000 

88 

0.0034 

000 

40 

0.1280 

6000 

90 

0.0029 

000 

60 

0.1104 

6000 

98 

04)023 

000 

00 

0.0893 

10000 

0 

04)038 

000 

70 

0.0657 

10000 

20 

04)038 

000 

80 

0.0407 

10000 

30 

04)036 

000 

86 

0.0286 

10000 

40 

04)034 

000 

90 

0.0173 

10000 

50 

04)030 

000 

96 

0.0088 

10000 

60 

04)026 

1000 

0 

0J019 

10000 

70 

04)022 

1000 

20 

0.0999 

10000 

80 

04)017 

1000 

30 

0.0943 

10000 

88 

04)018 

1000 

40 

0.0859 

10000 

00 

04)012 

1000 

60 

0.0748 

10000 

98 

04)010 

1000 

•0 

0.0616 
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Table  60.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Hemisphe 


^  -  ISO,  60« 


Altltud* 

F 

Altitnd* 

F 

b. 

dag  aaa 

a.  ai. 

dtgraas 

100 

0 

0.3645 

1000 

70 

0.  0418 

100 

20 

0.3348 

1000 

80 

0.0265 

100 

30 

0.3090 

1000 

88 

0.0194 

100 

40 

0.2742 

1000 

90 

0.0131 

100 

60 

0.2310 

1000 

95 

0. 0080 

100 

00 

0.1807 

8000 

0 

0.0268 

100 

70 

0.1250 

8000 

20 

0.0204 

100 

80 

0.0681 

3000 

30 

0.0249 

100 

88 

0.0349 

3000 

40 

0.0227 

100 

«0 

0.0092 

3000 

SO 

0.0190 

100 

08 

0.0008 

3000 

80 

0.  0165 

300 

0 

0.2379 

3000 

70 

0.0129 

300 

20 

0.2258 

3000 

80 

0.0093 

300 

30 

0.2093 

3000 

88 

0.0076 

300 

40 

0.1868 

5000 

90 

0.  0050 

300 

80 

0.1580 

3000 

98 

0. 0045 

300 

60 

0.1240 

8000 

0 

0*0090 

300 

70 

0.0873 

8000 

20 

0.0089 

300 

80 

0.0477 

8000 

30 

0.  0085 

300 

88 

0.0293 

8000 

40 

0. 0077 

300 

90 

0.0139 

6000 

60 

0. 0088 

300 

98 

0.0048 

8000 

80 

0. 0058 

000 

0 

0.1554 

8000 

70 

0,0048 

600 

20 

0.1487 

8000 

80 

0. 0035 

600 

30 

0.1385 

8000 

88 

0. 0029 

600 

40 

0.1240 

8000 

90 

0. 0024 

600 

60 

0.1058 

8000 

98 

0. 0020 

600 

60 

0.0844 

10000 

0 

0. 0037 

600 

70 

0/)606 

10000 

20 

0.0037 

600 

80 

0.0369 

10000 

30 

0. 0035 

600 

80 

0/)246 

10000 

40 

0. 0032 

600 

00 

0.0140 

10000 

80 

0. 0028 

600 

90 

OJ0O73 

10000 

60 

0. 0024 

1000 

0 

0J014 

10000 

70 

0. 0019 

1000 

20 

OJ0977 

10000 

80 

0.0018 

1000 

30 

OJ0914 

10000 

88 

0. 0015 

1000 

40 

0jD823 

10000 

90 

0.0011 

1000 

80 

0J9707 

10000 

98 

0. 0009 

1000 

60 

0/)570 

1  K  4  - 


t  -  ISO*, 


A1 1&  bud* 

F 

w  •  *• 

dwarves 

100 

0 

0 .3845 

xoo 

20 

0 .3331 

100 

30 

0.3070 

100 

40 

0. 2716 

100 

60 

0. 2279 

100 

60 

0.1772 

100 

70 

0. 1212 

100 

60 

0.0612 

100 

66 

0.0311 

100 

90 

0.0072 

100 

93 

0.0006 

300 

0 

0.2579 

300 

jro 

0.2235 

300 

30 

0. 2000 

300 

40 

0. 1822 

300 

50 

0. 1529 

300 

60 

0. 1189 

300 

70 

0.0811 

300 

80 

Q.041S 

300 

8G 

0.0239 

300 

00 

0.0106 

300 

95 

0*0034 

000 

0 

0.1545 

600 

20 

0.1463 

600 

30 

0. 1340 

600 

40 

0. 1187 

600 

50 

0.0997 

600 

60 

0.0778 

600 

70 

0.0S35 

600 

80 

0.C294 

600 

88 

0.0190 

600 

90 

0.0109 

600 

05 

0.0054 

1000 

0 

0. 1007 

1000 

20 

0.0948 

1000 

30 

0.0875 

1000 

40 

0.0774 

1000 

60 

0.0651 

1000 

60 

0.0508 

90* 


Altitud* 

03 

F 

B. 

4«gr««fi 

1000 

70 

0. 0354 

1000 

eo 

0. 0208 

1000 

88 

0.  0147 

1000 

90 

0.  0096 

1000 

96 

0.  0058 

sooo 

0 

0.  0267 

sooo 

20 

0.  0251 

3000 

30 

0.  0232 

3000 

40 

0.  0206 

3000 

50 

0.  0138 

5000 

60 

0.  0173 

3000 

70 

0.  0103 

3000 

80 

0,  0070 

3000 

86 

0.  0056 

3000 

90 

0.  0043 

3000 

08 

0.  0032 

6000 

0 

0.  0000 

6000 

20 

0.  0085 

6000 

30 

0.  0078 

6000 

40 

0.  0070 

6000 

50 

0.  0059 

6000 

80 

0.  0048 

6000 

70 

0,  0037 

6000 

00 

0,  0027 

6000 

85 

0.  0022 

6000 

90 

0.  0018 

6000 

95 

0.  0014 

10000 

0 

0.  0037 

10000 

20 

0.  0035 

iOOOO 

30 

0.0032 

10000 

40 

0.0029 

10000 

60 

0.0025 

10000 

00 

0.0021 

10000 

70 

0.0016 

10000 

80 

0.0012 

10000 

88 

0,0010 

10000 

00 

0,0008 

10000 

95 

0,0007 

tNfMniPF'if.^  iwv 


■vmit 


T.ibic 

(  i  1  ■  1.)  i 

iH'tru'  l‘'.K:Lor  k> 

•  !\  cl  let  1  c t|  Si)  1,1  f  K ,( 

<  1 1 ;  1 1. 1 1 )  1 1  t ; ) 

.1  1  1  c  n  1  i 

-  ir»o», 

-  120» 

A1  tX  ittdf) 

Ov 

F 

Oi, 

F 

a.  m. 

d«£r««a 

o.  w. 

degr*** 

loa 

0 

0.3545 

1000 

70 

0.  0290 

100 

20 

0.3317 

1000 

80 

0. 0152 

100 

30 

0.3050 

1000 

88 

0. 0099 

100 

40 

0.2690 

1000 

90 

0.  0081 

100 

50 

0.2248 

1000 

96 

0. 0038 

100 

60 

0.1737 

sooo 

0 

0. 0288 

100 

70 

0.1174 

8000 

SO 

0*  0239 

100 

60 

0.0672 

sooo 

so 

0. 0218 

100 

85 

0.0273 

3000 

40 

0.  0184 

100 

90 

0.0052 

3000 

80 

0.  0148 

100 

95 

0.0004 

3000 

60 

0*  0111 

300 

0 

0.2379 

3000 

70 

0«  0078 

300 

20 

0.2213 

3000 

80 

0.  0048 

300 

30 

0.2027 

3000 

86 

0.  0038 

300 

40 

0.1780 

3000 

00 

0*  0027 

300 

eo 

0,1478 

3000 

98 

0.0019 

500 

60 

0.1132 

6000 

0 

0.0089 

300 

70 

0.074C 

6000 

20 

0.0080 

300 

80 

0.0354 

6000 

30 

0.0072 

300 

80 

0.0184 

6000 

40 

0.0082 

300 

90 

0.0073 

6000 

80 

0,0050 

300 

95 

0.0022 

6000 

80 

0.0039 

000 

0 

0.1536 

6000 

70 

0^0028 

000 

20 

0.1420 

6000 

80 

0.  0019 

000 

30 

0,1296 

6000 

86 

0. 0018 

000 

40 

0.1133 

6000 

00 

0. 0012 

000 

60 

0.093S 

0000 

98 

0.  0009 

000 

00 

0.0709 

10000 

0 

0. 0037 

000 

70 

0.0404 

10000 

20 

0.  0034 

600 

80 

0,0229 

10000 

30 

0.  0030 

600 

89 

0.0136 

10000 

40 

0.  0028 

600 

90 

0.0072 

10000 

50 

0. 0022 

600 

96 

0.0031 

10000 

80 

0.  0017 

1000 

0 

0.1001 

10000 

70 

0.  0013 

1000 

20 

0.0919 

10000 

80 

0.  0009 

1000 

30 

0.0835 

10000 

89 

0.  0008 

1000 

40 

0.0726 

10000 

90 

0.  0008 

1000 

60 

0.0595 

10000 

95 

0.  0008 

1000 

60 

0,0446 

wiwiwy  WAUP, 11*111 1.1  Wl 


i;,il)lt'  t).').  (, '.oiMncl  ril.:  !■' ,i  c  ..  o  r  tor 

3f'  -  150“ 


Altitude  ^  F 

n.  a. 

100  0  0,3545 

100  20  0.3307 

100  30  0.3035 

100  40  0.2671 

100  30  0.2226 

100  60  0.1712 

100  70  0.1146 

100  80  0.0543 

100  88  0.0245 

100  00  0.0037 

100  #8  0.0003 

300  0  0.2379 

300  20  0,2196 

306  30  0.2003 

300  40  0.1748 

300  50  0.1441 

300  60  0.1090 

300  10  0.0704 

300  80  0,0309 

300  08  0.0144 

300  90  0.0048 

300  96  0.0014 

500  0  0.1530 

500  20  0. ISO'S 

500  30  0,1265 

500  40  0.1094 

500  80  0.0  891 

500  60  o.oeoo 

500  10  0.0412 

500  80  0.0181 

500  88  0.0095 

500  90  0.0045 

500  98  0.0020 

1000  0  0.0097 

1000  20  0.0898 

1000  30  0,0807 

1000  40  0.9691 

1000  80  0.0554 

1000  60  0,0401 


160* 

Altlibd* 

P 

a.  n. 

1000 

70 

0.  0244 

1000 

60 

0,0111 

1000 

88 

0,0086 

1000 

SO 

0. 0038 

1000 

96 

0, 0019 

sooo 

0 

0. 0264 

sooo 

20 

0. 0230 

3000 

30 

0. 0202 

3000 

40 

0. 0168 

3000 

50 

0. 0130 

3000 

80 

0, 0092 

3000 

70 

0, 0067 

3000 

BO 

0. 0031 

3000 

88 

0, 0022 

3000 

SO 

0, 0018 

3000 

98 

0.  0010 

5000 

0 

0  c  0G39 

6000 

20 

C. C077 

6000 

SO 

C.,  0067 

6000 

40 

0, 0056 

6000 

80 

0. 0044 

6000 

60 

0, 0032 

6000 

70 

o, 0022 

eooo 

80 

0. 0014 

6000 

88 

0. COlO 

5000 

90 

0, 0006 

5000 

08 

0. 0006 

10000 

C 

0.  0037 

lOOOO 

20 

0.  0032 

10000 

30 

0.  0029 

10000 

40 

0.  0024 

10000 

80 

0.  0019 

10900 

60 

0.  0015 

10000 

TO 

0.  0011 

10000 

80 

0.  0007 

10000 

88 

0,  0006 

lOOUO 

so 

0.  0008 

10000 

96 

0.  0003 

nr,T>r^".'*^wiiTV»fW4^5'\^ir^(fTiv.iPTii'n  f 


I’nblo  b‘i. 

(.iooiiiet.  r 

i.c  i'blClC/l 

ISO**  , 

Alii tud« 

F 

a,  n. 

d«gir«ta 

100 

0 

0.3545 

100 

20 

0.3304 

100 

30 

0.3030 

100 

40 

0.2004 

iOO 

80 

0.2217 

100 

60 

0.1702 

100 

70 

0.1136 

100 

80 

0.0533 

100 

88 

0.0235 

100 

90 

0,0031 

100 

98 

0.0002 

300 

0 

0,2379 

300 

20 

0.2190 

306 

30 

0. 1994 

300 

40 

0. 1737 

SCO 

50 

0,1427 

300 

60 

0.1075 

300 

70 

0.0687 

300 

80 

0.0292 

300 

85 

0.0130 

300 

90 

0.0039 

300 

96 

0.0011 

600 

0 

0. 1528 

600 

20 

0.1388 

000 

30 

0.1254 

000 

40 

0.1081 

600 

60 

0.0875 

600 

60 

0.0643 

600 

70 

0,0394 

600 

80 

0,0163 

600 

85 

0,0081 

600 

90 

0.0035 

600 

95 

0.0015 

1000 

0 

0.0996 

1000 

20 

0.0891 

1000 

30 

0.0797 

1000 

40 

0,0678 

1000 

60 

0.0539 

1000 

60 

0,0388 

U)  a  lle.i 


)US)‘<iH:M*v' 


4 


180* 

A1 ti tad» 
a.  u, 

iOOO 

iOOO 

1000 

1000 

1000 

sooo 

1000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

6000 

6000 

0000 

0000 

0000 

0000 

0000 

0000 

0000 

0000 

cooo 

10000 

10000 

10000 

10000 

10000 

10000 

10000 

10000 

10000 

10000 

10000 


O- 

70 

80 


»0 

08 

0 

20 

30 

40 

50 

00 

70 

80 

88 

00 

08 

0 

20 

30 

40 

80 

60 

70 

80 

88 

00 

08 

0 

20 

30 

40 

80 

60 

70 

80 

88 

00 

08 


P 


0.  0227 
0.  0096 
0.  0062 
0.  0026 
0.  0013 
0.  0264 
0.  0227 
0.  0107 
0,0162 
0.0123 
0. 0084 
0. 0050 
0. 0025 
0,  0017 
0.  0010 
0.  0006 
0.  0080 
0,  0076 
0.  0066 
0.  0054 
0.0042 
0. 0030 
0, 0020 
0.  0012 
0.  0000 
0.  0006 
0.  0004 
0.  0007 
0.  0032 
0.  0028 
0.  0023 
0.  0019 
0.  0014 
0.  0010 
0.  0006 
0.  0008 
0»  0004 
0.  0003 


V ot  1 1  ol  f  it:  1‘act. oi'  lu 


180*, 


A1 tl tud« 

0  *  H  V 

degr««i 

F 

100 

C 

0.2907 

100 

20 

0.2731 

100 

SO 

0.2S17 

100 

40 

0.2226 

100 

50 

0.i8G8 

100 

eo 

0.1453 

100 

70 

0.0994 

100 

80 

0.0501 

100 

8S 

0.0256 

100 

00 

0.0064 

100 

05 

o.oooe 

300 

0 

0.1815 

300 

20 

0.1705 

300 

30 

0.1571 

300 

40 

0.13^0 

300 

60 

Oolloe 

300 

60 

0.0907 

300 

70 

0.0619 

300 

80 

0.031D 

300 

05 

0.0187 

300 

00 

0.0089 

30C 

96 

0.0C30 

QOO 

0 

0.1073 

eoo 

20 

0.1009 

000 

30 

0.0931 

eoo 

40 

0.0824 

eoo 

60 

0.0692 

eoo 

60 

0.0539 

eoo 

70 

0.0373 

eoo 

80 

0.0208 

eoo 

Be 

0.0139 

eoo 

90 

0.0684 

eoo 

06 

0.0044 

1000 

0 

0.0625 

1000 

20 

OJ0588 

1000 

30 

0.0542 

1000 

40 

0.0480 

1000 

60 

0.0403 

1000 

60 

0,^316 

Kcllecti'd  Solar-  11  a  tl  ia  I  ion  to  a 


I  hnn  i  is  p 


0  -3«(>* 


Altitud* 

F 

a.  a. 

d«(rr««ii 

1000 

70 

0.022L 

1000 

80 

0.0134 

1000 

86 

0.0998 

1000 

90 

0.0067 

1000 

96 

0.0042 

8000 

0 

0.0098 

8000 

20 

0.0093 

3000 

30 

0.0086 

3000 

40 

0.0076 

3000 

60 

0.0064 

3000 

60 

0.0052 

3000 

70 

0.0039 

3000 

80 

0.0028 

3000 

85 

0.0024 

3000 

90 

0.0019 

3000 

98 

0.0015 

6000 

0 

0.0017 

eooo 

20 

0.0016 

6000 

30 

0.0015 

6000 

40 

0.00)3 

6000 

60 

O.OOII 

6000 

60 

0.0009 

6000 

70 

0,0008 

6000 

80 

0.0006 

6000 

86 

0.0006 

6000 

90 

0.0004 

6000 

96 

0.0003 

10000 

0 

0.0003 

10000 

20 

0. 0005 

10000 

30 

0. 0003 

10000 

40 

0. 0002 

10000 

60 

0. 0002 

10000 

60 

0. 0002 

10000 

70 

0. 0001 

10000 

80 

0. 0001 

10000 

85 

0. 0001 

10000 

90 

0. 0001 

10000 

96 

0. 0001 

i  8 


hi  e  66. 

Geometric 

t'.ictor  for 

Reflected  Solar  R; 

idiatieu  to 

a  I'M, It  P 

0* 

(jl  .IKS60* 

Altltnd*  ‘O’- 

F 

A1 ti tuda 

F 

n.  M. 

degr«« 

n. 

dagra* 

100 

0 

0.0631 

3000 

0 

0.2649 

100 

20 

0.8955 

3000 

20 

0.2395 

100 

30 

0.8264 

3000 

30 

0.2207 

100 

40 

0.7301 

3000 

40 

0.1044 

100 

50 

0.6120 

3000 

60 

0.1625 

100 

60 

0.4765 

3000 

60 

0.1278 

100 

70 

0.3250 

3000 

70 

0.0034 

100 

80 

0.1645 

3000 

80 

0.0619 

100 

80 

0.0823 

3000 

86 

0.0480 

100 

00 

0.0112 

3000 

90 

0.03S9 

300 

0 

0.8422 

6000 

0 

0.1102 

300 

20 

0.7014 

6000 

20 

0.1036 

300 

30 

0.7204 

6000 

30 

0.0950 

300 

40 

0.6462 

6000 

40 

0.0037 

300 

50 

0.5414 

6000 

50 

0.0708 

300 

60 

0.4211 

6000 

60 

0.0673 

300 

70 

0.2874 

6000 

70 

0.0440 

300 

80 

0.1450 

6000 

80 

0.0310 

300 

85 

0.0777 

8000 

85 

0.0260 

300 

00 

0.0263 

6000 

90 

0.0209 

600 

0 

0.7121 

10000 

0 

0.0514 

600 

20 

0.6691 

10000 

20 

0.0482 

600 

30 

0.6167 

10000 

30 

0.0442 

600 

40 

0.5465 

10000 

40 

0.0391 

600 

60 

0.4677 

10000 

50 

0.0335 

600 

60 

0.3667 

10000 

60 

0.0276 

600 

70 

0.2423 

10000 

70 

0.0218 

600 

80 

0.1271 

10000 

80 

0.0163 

600 

85 

0.0/60 

10000 

85 

0.0138 

600 

00 

0.0367 

10000 

00 

0.0114 

1000 

0 

0.6702 

20000 

0 

0.0158 

1000 

20 

0.5443 

20000 

20 

0.0148 

1000 

30 

0.6016 

20000 

30 

0.0136 

1000 

40 

0.4437 

20000 

40 

0.0121 

1000 

50 

0.3723 

20000 

60 

0.0105 

1000 

60 

0.2882 

20000 

60 

0.0089 

1000 

70 

0.1076 

20000 

70 

0.0072 

1000 

80 

0.1102 

20000 

80 

0.0056 

1000 

85 

0.0728 

20000 

85 

0.0048 

1000 

00 

0.0420 

20000 

90 

0.0041 

i  \)  1 


Tabli'  G7.  ('ironu'trii:  l''aitor  lor  l<  e  f  U-ctcil  Solar  Radialioti  lo  a  I'dat  Plat 


}{■- 

30* 

-  C* 

A1 ti tad* 

F 

AUitad* 

F 

».  ■• 

d«gr«« 

n.  n. 

ddgr«« 

100 

0 

0.8243 

3000 

0 

0.2207 

100 

20 

0.7798 

3000 

20 

0.2119 

100 

30 

0.7211 

3000 

30 

0.1977 

100 

40 

0.6407 

3000 

40 

0.1768 

100 

60 

0.5409 

3000 

55 

0.1603 

100 

60 

0.4246 

3000 

60 

0.1211 

100 

70 

0.2965 

3000 

70 

0.0912 

100 

60 

0.1620 

3000 

80 

0.0628 

100 

80 

0.0970 

3000 

86 

0.0494 

100 

oo 

0.0178 

3000 

90 

0.0376 

300 

0 

0.7241 

6000 

0 

0.0964 

300 

20 

0.6892 

6000 

20 

0.0013 

300 

30 

0.6399 

6000 

30 

0.0846 

300 

40 

0.6712 

6000 

40 

0.0764 

300 

60 

0.4851 

6000 

60 

0.0647 

300 

60 

0.3842 

6000 

60 

0.0632 

300 

70 

0.2760 

6000 

70 

0.0416 

300 

80 

0.1509 

6000 

80 

0.0304 

300 

88 

0.0890 

6000 

88 

0.0252 

300 

90 

0.0351 

6000 

90 

0.0206 

600 

0 

0.6167 

10000 

0 

0.0446 

600 

20 

0.5896 

10000 

20 

0.0423 

600 

30 

0.5489 

10000 

30 

0.0301 

600 

40 

0.4916 

10000 

40 

0.0350 

600 

60 

0.4192 

10000 

60 

0.0302 

600 

60 

0.3337 

10000 

60 

0.0262 

600 

70 

0.2370 

10000 

70 

0.0202 

600 

80 

0.1368 

10000 

80 

0.0153 

OCTT 

89 

0.0876 

10000 

88 

0.0129 

00 

0.0467 

10000 

90 

0.0108 

1000 

0 

0.5016 

20000 

0 

0.0137 

1000 

20 

0.4809 

20000 

20 

0.0129 

1000 

30 

0.4484 

20000 

30 

0.0119 

1000 

40 

0.4022 

20000 

40 

0.0107 

1000 

60 

0.3438 

20000 

60 

0.0094 

1000 

60 

0.2733 

20000 

60 

0.0079 

1000 

70 

0.1950 

20000 

70 

0.0066 

1000 

80 

0.1178 

20000 

80 

0.0060 

1000 

85 

0.0819 

20000 

86 

0.0043 

1000 

00 

0.0511 

20000 

90 

0.0037 

■1  G 


Ic  68. 

Geonioi.  fit: 

Factor  to: 

r  Kctleclccl  Solar  It  a  dial  ion  t( 

.)  a  FL»l  T 

^  - 

30* 

«  30* 

Alii  tad* 

F 

A1 tl tad* 

F 

a.  ■ 

• 

a.  n. 

d*cr4C 

100 

0 

0.8243 

3000 

0 

0.2207 

100 

20 

0.7788 

3000 

20 

0.2113 

100 

30 

0.7201 

3000 

30 

0.1968 

100 

40 

G.6308 

3000 

40 

0.1758 

100 

60 

0.6304 

3000 

SO 

0.1490 

100 

60 

0.4230 

3000 

60 

0.1197 

100 

70 

0.2937 

3000 

70 

0.0898 

100 

80 

0.1664 

3000 

80 

C.0613 

100 

88 

0.0841 

3000 

86 

0.0483 

100 

90 

0.0167 

3000 

90 

0.0367 

300 

0 

0.7241 

6000 

0 

0.0964 

300 

20 

0.6880 

6000 

20 

0.0911 

300 

SO 

0.6382 

6000 

30 

0.0843 

300 

40 

0.5600 

6000 

40 

0.0760 

300 

60 

0.4824 

6000 

60 

0.0042 

300 

60 

0.3813 

6000 

60 

0.0527 

300 

70 

0.2680 

6000 

70 

0.0411 

300 

80 

0.1476 

6000 

80 

0.0300 

300 

86 

0.0861 

6000 

85 

0.0249 

300 

00 

0.0334 

6000 

90 

0.0201 

600 

0 

0.6167 

10000 

0 

0.0445 

eoo 

20 

0.6883 

10000 

20 

0.0422 

600 

30 

0.5469 

10000 

30 

0.0300 

600 

40 

0.4889 

10000 

40 

0.0348 

600 

60 

0.4161 

10000 

60 

0.0301 

600 

60 

0,3303 

10000 

60 

0.0261 

600 

70 

0.2334 

10000 

70 

0.0200 

600 

80 

0.1323 

10000 

80 

0.0161 

600 

66 

0.0847 

10000 

86 

0.0128 

600 

00 

0.0447 

10000 

90 

0.0107 

1000 

0 

0.5016 

20000 

0 

0.0137 

1000 

20 

0.4796 

20000 

20 

0.0129 

1000 

30 

0.4165 

20000 

30 

0.0119 

1000 

40 

0.3998 

20000 

40 

0.0107 

1000 

60 

0.3409 

20000 

60 

0.0093 

1000 

60 

0.2702 

20000 

60 

0.0079 

1000 

70 

0.1926 

20000 

70 

0.0064 

1000 

80 

0.1148 

20000 

80 

0.0050 

1000 

86 

0.0794 

20000 

86 

0.0043 

1000 

00 

0.0402 

20000 

90 

0.0037 

iV,/ . 

c;  1'  o  t 

■,)!.■•  1. 1- i  c  I' a '.'lor  I'or 

Kcl  lo(,:tt'd  Sif  la  r  1 

d.nli.iticHi  to 

a  I'Mal  1 

Alii 

tad* 

-  30* 

F 

Pc" 

Altitad*  "O"* 

F 

Qy  m 

100 

c 

dAgr** 

0 

0,8243 

a.  ■* 

3000 

dagr«(i 

0 

0.2207 

100 

20 

0.7770 

3000 

20 

0,2097 

100 

30 

0.7178 

3000 

30 

0.1944 

100 

40 

0.6361 

3000 

40 

0.1725 

100 

60 

0.6364 

3000 

60 

0.1465 

100 

60 

0.4184 

3000 

60 

0.1169 

100 

70 

0.2887 

3000 

70 

0.0860 

100 

80 

0.1466 

3000 

80 

0.0681 

100 

88 

0.0790 

3000 

88 

0.0455 

100 

00 

0.0137 

3000 

90 

0.0343 

300 

0 

0.7241 

6000 

0 

0.0964 

300 

20 

0.6848 

6000 

20 

0.0905 

300 

SO 

0.6336 

6000 

30 

0.0834 

300 

40 

0.5629 

6000 

40 

0.0740 

300 

80 

0.4752 

6000 

60 

0.0630 

300 

60 

0.3731 

6000 

60 

0.0614 

300 

70 

0.2696 

6000 

70 

0.0398 

300 

80 

0,1380 

6000 

80 

0.0289 

300 

86 

0.0778 

6000 

88 

0.0239 

300 

90 

0.0283 

6000 

90 

0.0193 

600 

0 

0.6167 

10000 

0 

0.0446 

600 

iO 

0.6846 

10000 

20 

0.0420 

600 

30 

0.6415 

10000 

30 

0.0387 

600 

40 

0.4819 

10000 

40 

0.0344 

600 

60 

0.4078 

10000 

60 

0.0206 

60} 

60 

0.3209 

10000 

60 

0.0246 

600 

70 

0.2234 

10000 

70 

0.0196 

600 

80 

0.1229 

10000 

80 

0.0147 

600 

88 

0.0767 

10000 

85 

0.0124 

600 

00 

0.0392 

10000 

90 

0.0103 

1000 

0 

0.5016 

20000 

0 

0.0137 

1000 

20 

0.4761 

20000 

20 

0.0129 

1000 

30 

0.4414 

20000 

30 

0.0119 

1000 

40 

0.3932 

20000 

40 

0.0106 

1000 

60 

0.3331 

20000 

60 

0.0092 

1000 

60 

0.2315 

20000 

60 

0.0078 

1000 

70 

0.1836 

20000 

70 

0.0063 

1000 

80 

0.1066 

20C00 

80 

0.0049 

1000 

86 

0,0726 

20000 

86 

0.0042 

1000 

00 

0.0441 

20000 

90 

0.0036 

ible  70.  Geometric  factor  tor  Reflected  Solar  Radintioi?  to  a  Flat  Plate 


Altltud* 

0-, 

F 

Alil.itQd« 

F 

D.  a. 

d«gr«« 

a.  n* 

dcgr«9 

100 

0 

0.8243 

3000 

0 

0.2207 

100 

20 

0.7746 

3000 

20 

0.2074 

100 

30 

0.7138 

3000 

30 

0.1912 

100 

40 

0.6314 

3000 

40 

0.1683 

100 

80 

0.5208 

3000 

50 

0.1407 

100 

60 

0.4121 

3000 

50 

0.1107 

100 

70 

0.2810 

3000 

70 

O.0S09 

100 

80 

0.1430 

3000 

80 

0.0536 

100 

85 

0.0721 

3000 

85 

0.0416 

100 

90 

0.0000 

3000 

00 

0.0310 

300 

0 

0.7241 

6000 

0 

0.0054 

300 

20 

0.6804 

6000 

20 

0.0897 

300 

SO 

0.6271 

6000 

30 

0.0823 

300 

40 

0.5547 

6000 

40 

0.0725 

300 

SO 

0.4664 

6000 

50 

0,0613 

300 

60 

0.3620 

8000 

60 

0.0406 

300 

70 

0.2475 

6000 

70 

0,0381 

300 

80 

0.1266 

6000 

00 

0-0274 

300 

85 

0.0671 

6000 

85 

0.0225 

300 

00 

0.0217 

6000 

00 

0.0181 

600 

0 

0.6167 

10000 

0 

0.0446 

600 

20 

0.5706 

10000 

20 

0.0417 

600 

30 

0.5340 

10000 

30 

0.0383 

600 

40 

0.4724 

10000 

40 

0,0339 

600 

60 

0.3964 

10000 

50 

0.0200 

600 

60 

0.3081 

10000 

60 

0,0239 

600 

70 

0.2008 

ICOOO 

70 

0.0169 

600 

80 

0.1101 

10000 

80 

0.0141 

600 

85 

0.0668 

10000 

85 

0.0119 

600 

00 

0.0318 

10000 

00 

0.0009 

1000 

0 

0.6016 

20000 

0 

0.0137 

1000 

20 

0.4714 

20000 

20 

0.0128 

1000 

30 

0.4344 

20000 

30 

0.0118 

1000 

40 

0.3843 

20000 

40 

0.0105 

1000 

60 

0.3224 

20000 

80 

0.0091 

1000 

60 

0.2406 

20000 

80 

0.0077 

1000 

70 

0.1711 

20000 

70 

0.0052 

1000 

80 

0.0054 

20000 

80 

0.0048 

1000 

85 

0.0631 

20000 

85 

0.0043 

1000 

00 

0.0371 

20000 

00 

0.0036 

1  0  0 


ible  7  1.  Geometric  F^ictor  for  Reflected  Solar  Radiation  to  a  Flat  Plate 


.  30* 

Altitnd* 

F 

D. 

d«gr«« 

100 

0 

0.8243 

100 

20 

0.7721 

100 

30 

0.7102 

100 

40 

0.6268 

100 

so 

0.6243 

100 

60 

0.4068 

100 

70 

0.2751 

100 

80 

0.1360 

100 

86 

J.0662 

100 

60 

0.0063 

300 

0 

0.7241 

300 

20 

0.6760 

300 

SO 

0.6207 

300 

40 

0.5464 

300 

50 

0.4566 

soo 

60 

0.3500 

300 

70 

0.2366 

300 

80 

0.1145 

300 

66 

0.0666 

300 

go 

0.0153 

600 

0 

0.6167 

600 

20 

0.5744 

600 

30 

0.6266 

600 

40 

0.4628 

600 

60 

0.3850 

600 

60 

0.2052 

600 

70 

0.1962 

600 

80 

0.0973 

600 

86 

0.0540 

600 

00 

0.0244 

1000 

0 

0.5016 

1000 

20 

0.4666 

1000 

30 

0.4274 

1000 

40 

0.3753 

1000 

60 

0.3117 

1000 

60 

0.2378 

1000 

70 

0.1588 

1000 

80 

0.0842 

1000 

85 

0.0536 

1000 

00 

0.0301 

A1 tl iud* 

F 

a.  n. 

d«gr«« 

3000 

0 

0.2207 

3000 

20 

0,2052 

3000 

30 

0.1870 

3000 

40 

0.1642 

3000 

50 

0.1350 

3000 

60 

0.1055 

3000 

70 

0.0767 

3000 

80 

U.0491 

3000 

86 

0.0376 

3000 

00 

0.0278 

6000 

0 

0.0054 

6000 

20 

0.0880 

6000 

30 

0.0811 

6000 

40 

0.0710 

6000 

60 

0.0506 

6000 

60 

0.0478 

6000 

70 

0.0363 

6000 

80 

0.0268 

6000 

85 

0.0211 

6000 

00 

0.0160 

10000 

0 

0.0446 

10000 

20 

0.0414 

10000 

SO 

0.0378 

10000 

40 

0.0333 

10000 

60 

0.0284 

10000 

60 

0.0233 

10000 

70 

0.0183 

10000 

80 

0.0136 

10000 

88 

0.0114 

10000 

00 

0.0004 

20000 

0 

0.0137 

20000 

20 

0.0127 

20000 

30 

0.0117 

20000 

40 

0.0104 

20000 

60 

0.0000 

20000 

60 

0.0075 

20000 

70 

0.0061 

20000 

80 

0.0047 

30000 

85 

0.0040 

20000 

00 

0.0034 

i  ')  t) 


T  able 


72.  Geometric  Factor  tor 

Reflected  Solar 

Radiation  to 

a  Flat 

/ 

Al ti tad* 

.  30* 

F 

160* 

Altiiad* 

F 

n.  ■• 

100 

d*gr«* 

0 

0.8243 

n.  Ml 

3000 

degr** 

0 

0.2207 

100 

20 

0.7703 

3000 

20 

0.2036 

100 

30 

0.7076 

3000 

30 

0.1855 

100 

AO 

0.6234 

3000 

40 

0.1612 

100 

60 

0.5202 

3000 

60 

0.1324 

100 

60 

0.4013 

3000 

60 

0.1016 

100 

70 

0.2701 

3000 

70 

0.0710 

100 

60 

0.1307 

3000 

80 

0.0468 

100 

88 

0.0603 

3000 

88 

0.0348 

100 

00 

0.0030 

3000 

00 

0.0254 

300 

0 

0.7241 

6000 

0 

0.0954 

300 

20 

0.6726 

6000 

20 

0.0883 

300 

SO 

0.6160 

9000 

30 

0.0802 

300 

40 

0.5404 

6000 

40 

0.0600 

300 

50 

0.4484 

8000 

50 

0.0583 

300 

60 

0.3428 

6000 

60 

U.0465 

300 

70 

0.2267 

6000 

70 

0.0350 

300 

80 

0.1056 

6000 

80 

0.0247 

300 

66 

0.0488 

6000 

88 

0.0201 

300 

00 

0.0107 

6000 

00 

0.0160 

600 

0 

0.6167 

10000 

0 

0.0445 

600 

20 

0.5707 

10000 

20 

0.0412 

600 

30 

0.5212 

10000 

30 

0  0378 

600 

40 

0.4558 

10000 

40 

0.0329 

600 

60 

0.3766 

10000 

50 

0.0279 

600 

60 

J.2868 

10000 

60 

0.0228 

600 

70 

0.1863 

10000 

70 

0.0178 

600 

8C 

0.0879 

10000 

80 

0.0132 

600 

66 

0.0470 

10000 

88 

0.0111 

500 

00 

0.0180 

10000 

90 

0.0001 

1000 

0 

0.5016 

20000 

0 

0.0137 

1000 

20 

0.4031 

20000 

20 

0.0127 

1000 

30 

0.4223 

20000 

30 

0.0110 

1000 

40 

0.3887 

20000 

40 

0.0103 

1000 

60 

0.3039 

20000 

60 

0.0089 

1000 

60 

0.2201 

20000 

60 

0.0075 

1000 

70 

0.1407 

20000 

70 

0.0060 

1000 

80 

0.0761 

20000 

80 

0.0046 

1000 

80 

0.0467 

20000 

88 

0.0040 

1000 

00 

0.0250 

20000 

00 

0.0034 

7  3 , 

C'n'onu't  I'ic  }' 

';ictor  17)1-  Retl 

li'cti’ci  Sola  r  1 

Ivadiati.on  lu 

a  Flat 

y 

Alii iud* 

.  30* 

F 

m  180' 

Altltad* 

• 

F 

n.  M 

100 

• 

d«gr«« 

0 

0.8243 

D.  ■. 

3000 

d«gr«c 

0 

0.2207 

100 

20 

0.7696 

3000 

20 

0.2030 

100 

30 

0.7066 

3000 

30 

0.1846 

100 

40 

0.6221 

3000 

40 

0.1601 

100 

60 

0.6187 

3000 

60 

0,1311 

100 

60 

0.3006 

3000 

60 

0.1003 

100 

70 

0.2683 

3000 

70 

0,0705 

100 

80 

0.1288 

3000 

80 

0.0446 

100 

86 

0.0S84 

3000 

86 

0.0337 

100 

VO 

0.0030 

3000 

00 

0.0246 

300 

0 

0.7241 

6000 

0 

0.0954 

300 

20 

0.6717 

6000 

20 

0.0880 

300 

SO 

0.6143 

6000 

30 

0.0799 

300 

40 

0.6382 

6000 

40 

0.0605 

300 

50 

0.4458 

6000 

60 

^',057» 

300 

60 

0.3308 

6000 

60 

0,0400 

300 

70 

0.2235 

6000 

70 

0.0346 

300 

80 

0.1024 

6000 

80 

0.0243 

300 

86 

0.0460 

6000 

86 

0.0197 

300 

00 

0.0000 

6000 

90 

0.0167 

600 

0 

0.6167 

10000 

0 

0.0446 

600 

20 

0.5603 

10000 

20 

0.0411 

600 

30 

0.5192 

10000 

30 

0,0374 

600 

40 

0.4533 

10000 

40 

0.0328 

600 

50 

0.3736 

10000 

60 

0.0278 

600 

60 

0.2824 

10000 

60 

0.0226 

600 

70 

0.1826 

10000 

70 

0.0177 

600 

80 

0.0844 

10000 

80 

0.0130 

600 

85 

0.0440 

10000 

86 

0.0109 

600 

00 

0.0169 

10000 

00 

0.0000 

1000 

0 

0.5016 

20000 

0 

0.0137 

1000 

20 

0.4618 

20000 

20 

0.0127 

1000 

30 

0.4206 

20000 

30 

0.0116 

1000 

40 

0.3663 

20000 

40 

0.0105 

1000 

50 

0.3010 

20000 

60 

0,0089 

loor 

60 

0.2260 

20000 

60 

0.0074 

1000 

70 

0.1464 

20000 

70 

0.0060 

1000 

80 

0.0731 

20000 

80 

0.0046 

1000 

66 

0.0442 

20000 

85 

0.0039 

1000 

00 

0.0232 

20000 

00 

0.0033 

Table  74.  (leoiuet  I'ic  l-'aclor  I'or  K  cl  U-cted  Sol.i  r  Kadiataon  l.o  a 


eo" 

{V- 

i 

o 

• 

Al ti tud* 

F 

A1 ti tad* 

n.  a. 

dttgrac 

n.  a. 

d«sr*« 

100 

0 

0,6004 

3000 

0 

100 

20 

0.5708 

3000 

20 

100 

30 

0.5298 

3000 

30 

100 

40 

0.4723 

3000 

40 

100 

00 

0.4006 

3000 

80 

100 

60 

0.3188 

3000 

60 

100 

70 

0.2234 

3000 

70 

100 

80 

0.1220 

3000 

80 

100 

86 

0.0879 

3000 

36 

100 

00 

0.0196 

3000 

90 

300 

0 

0.4905 

6000 

0 

300 

20 

0.4727 

6000 

20 

300 

SO 

0.4420 

6000 

30 

300 

40 

0.3979 

6000 

40 

300 

60 

0.3417 

6000 

50 

300 

60 

0.2751 

6000 

60 

300 

70 

0,3000 

6000 

70 

300 

80 

0.1170 

6000 

80 

300 

86 

0.0700 

6000 

86 

300 

90 

0.035S 

0000 

00 

600 

0 

0.3889 

10000 

0 

600 

20 

0.3798 

10000 

20 

600 

30 

0.3577 

10000 

30 

000 

40 

0.3243 

1.0000 

40 

600 

60 

0.2821 

10000 

60 

000 

60 

0..2334 

10000 

60 

600 

70 

0. 1675 

10000 

70 

600 

80 

0.1050 

10000 

80 

600 

85 

0.0768 

10000 

80 

600 

90 

0.0441 

10000 

90 

1000 

0 

0.3017 

20000 

0 

1000 

20 

0.2979 

20000 

20 

1000 

30 

0.2823 

20000 

30 

1000 

40 

0.2582 

20000 

40 

1000 

GO 

0.2262 

20000 

50 

1000 

60 

0.1885 

20000 

60 

1000 

70 

0,1390 

20000 

70 

1000 

80 

0,0938 

20000 

80 

1000 

66 

0.0691 

20000 

85 

1000 

CO 

0.0456 

20000 

90 

-•;  ‘I  ‘j 


Flat  Plate 


F 


0.1260 

0.1269 

0.1201 

o.in® 

0.09t2 
0.0820 
0.0646 
0.0464 
0.0375 
0.0292 
0.0551 
0.0646 
0.0516 
0.0470 
0.0413 
0.0349 
0.0281 
0.0211 
0.0177 
0.0146 
0.0257 
0.0251 
0.0236 
0.0214 
0.0189 
0.0160 
0.0131 
0.0101 
0.0086 
0.0072 
0.0079 
0.0076 
0.0071 
0.0064 
0.0067 
0  .0048 
0.0040 
0.0031 
0.0027 
0.0025 


ib!o  75,  (jooiiu't  rif  L'aclor  lor  Rellecti-d  Solar  Kadi, 'lion  to  a  J'L.a  Plat 


.  60» 


A 


30* 


Al ti tads 

F 

A1 tl tad* 

•O'* 

cr 

« 

n.  •« 

d«f r«« 

D. 

d*fr** 

100 

0 

0.6004 

3000 

0 

0.1200 

.100 

20 

0.5699 

3000 

20 

0.1249 

100 

30 

0.6283 

3000 

30 

0.1186 

100 

40 

0.4708 

3000 

40 

0.1085 

100 

60 

0.3986 

3000 

SO 

0.0955 

100 

60 

0.3146 

3000 

60 

0.0706 

100 

70 

0.2209 

3000 

70 

0.0622 

100 

BO 

0.1206 

3000 

80 

0.0443 

100 

8S 

0.0686 

3000 

86 

0.0567 

100 

90 

0.0177 

3000 

90 

0.0277 

300 

0 

0.4006 

6000 

0 

0.0651 

300 

20 

0.4711 

6000 

80 

0.0542 

300 

SO 

0.4397 

6000 

30 

0.0510 

300 

40 

0.3949 

6000 

40 

0.0463 

300 

60 

0.3381 

6000 

60 

0.0405 

300 

60 

0.2711 

6000 

00 

0.0340 

300 

70 

0.1962 

6000 

70 

0.0272 

300 

80 

0.1138 

6000 

80 

0.0204 

300 

86 

0.0721 

6000 

83 

0.0171 

300 

90 

0.0325 

6000 

90 

0.0140 

600 

0 

0.3889 

10000 

0 

0.0267 

600 

20 

0.3778 

10000 

20 

0.0250 

600 

30 

0.3549 

10000 

30 

0.0234 

600 

40 

0.3212 

10000 

40 

0.0212 

600 

60 

0.2778 

10000 

50 

0.0185 

600 

60 

0.2  !06 

10000 

60 

0.0167 

000 

70 

0.1664 

10000 

70 

0.0128 

600 

80 

0.1027 

10000 

80 

0.0098 

600 

88 

0.0707 

10000 

96 

0.0084 

600 

90 

0.0406 

10000 

90 

0.0070 

1000 

0 

0.3017 

20000 

0 

0.0079 

1000 

20 

0.2900 

20000 

80 

0.0075 

1000 

SO 

0.2795 

20000 

30 

0.0070 

1000 

40 

0.2645 

20000 

40 

0.0054 

1000 

60 

0.2218 

20000 

60 

0.0065 

1000 

60 

0.1830 

20000 

60 

0.0048 

1000 

70 

0.136E 

20000 

70 

0.0039 

1000 

80 

0.0887 

20000 

80 

0.0031 

1000 

85 

0.0647 

20000 

85 

0.0027 

1000 

90 

0.0423 

20000 

90 

0.0023 

•I  1)  0 


able  7  6. 

Georn  etric 

Factor  ior 

60* 

Alii  tod* 

F 

D.  ■ 

.  d«sr«« 

)00 

0 

0.6004 

100 

20 

0.6676 

100 

30 

0.5248 

100 

40 

0.4661 

100 

60 

0.3933 

100 

60 

0.3086 

100 

70 

0.2143 

100 

80 

0.1136 

100 

83 

0.0616 

100 

go 

0.0134 

300 

0 

0.4906 

300 

20 

0.4668 

300 

SO 

0„4334 

300 

40 

0.3868 

300 

60 

0.3285 

300 

CO 

0.2602 

300 

70 

0.1837 

300 

80 

0.1016 

300 

86 

0.0606 

300 

00 

0.0262 

800 

0 

0.3889 

600 

20 

0.3726 

600 

30 

0.3472 

800 

40 

0.3114 

600 

60 

0.2660 

600 

60 

0.2124 

600 

70 

0.1518 

600 

80 

0.0886 

600 

88 

0.0580 

600 

«0 

0.0326 

1000 

0 

0.3017 

1000 

20 

0.2907 

1000 

30 

0.2718 

1000 

40 

0.2446 

1000 

60 

0.2100 

1000 

60 

0.1700 

1000 

70 

0.1224 

1000 

80 

0.0764 

1000 

86 

0.0529 

1000 

00 

0.0346 

Reflected  Solar  Radiatioiv  to  a  I'lat 


A1  tliiid* 

U.  M. 

dtgr99 

F 

3000 

0 

0.1260 

3000 

20 

0.1222 

3000 

30 

0.1146 

3000 

40 

0.1035 

3000 

60 

G.0895 

3000 

60 

0.0727 

3000 

70 

0.C558 

3000 

80 

0.0387 

3000 

86 

0,0307 

3000 

90 

0.0236 

600& 

0 

0.C561 

6000 

20 

0.0532 

6000 

30 

0.0495 

6000 

40 

0.0444 

6000 

60 

0.0383 

6000 

60 

0.0317 

6000 

70 

0.0250 

6000 

80 

0.0184 

6000 

86 

0.0163 

6000 

00 

0.0126 

10000 

0 

0.0267 

10000 

20 

0.0246 

ICOCO 

30 

0.0228 

10000 

40 

0.0205 

lOOCO 

60 

0.0178 

10000 

60 

0.0140 

10000 

70 

0.0120 

10000 

80 

0.0091 

XOOOO 

66 

0.0077 

10000 

00 

0.0066 

20000 

0 

0.0079 

20000 

20 

0.0078 

20000 

30 

0.0069 

20000 

40 

0.0062 

20000 

6U 

0.0054 

20000 

60 

0.0046 

20000 

70 

0.0038 

20000 

80 

0.0029 

20000 

86 

0.0026 

20000 

00 

0.0022 

m^nwuBwwi  iwH'Wiwiwipiwi'wiw 


ile  77. 

Geonietl’ic 

Factor  for  Iteflci 

ctecl  Solar  H. 

uJiation  to 

a  Flat 

m  eo« 

<4  - 

Altitud«  G-. 

F 

Alt!  tYid« 

F 

u*  a. 

d*gr*« 

n.  w. 

d«gr«« 

100 

0 

0.6004 

3000 

0 

0.1260 

100 

•^0 

0.5642 

3000 

20 

0.1184 

100 

30 

0.6200 

3000 

30 

9.1091 

100 

-40 

0^4699 

3000 

40 

0.0964 

100 

60 

0.3859 

3000 

60 

0.0612 

XOO 

60 

0.3003 

3000 

60 

0.0637 

100 

70 

0.20S3 

3000 

70 

0.0464 

100 

BO 

0.1042 

3000 

80 

0.0306 

100 

88 

0.0S2S 

3000 

86 

C.02i5 

100 

60 

0.0078 

3000 

90 

0.0175 

300 

0 

0.4005 

6000 

0 

0.0561 

300 

30 

0.4609 

6000 

20 

0.0518 

300 

SO 

0.4248 

6000 

30 

0.0476 

300 

40 

0.3757 

6000 

40 

0.0418 

500 

50 

0.3153 

6000 

60 

0.0354 

300 

63 

0.2462 

6000 

60 

9.0286 

3C0 

70 

0.1675 

0000 

70 

0.9220 

300 

80 

0.0852 

ecDO 

80 

0.0158 

300 

88 

0.0459 

6000 

86 

0.0130 

300 

00 

0.0148 

6000 

90 

0.0104 

600 

0 

0.3889 

10000 

e 

0.0257 

600 

20 

0.3664 

10000 

20 

0.0241 

600 

30 

0.3368 

looor 

30 

0.0221 

eoo 

40 

0.2979 

10000 

40 

0.9195 

600 

60 

0.2499 

10000 

50 

0.0167 

600 

60 

0.1943 

10000 

60 

0.0138 

600 

70 

C.1325 

10000 

70 

0.0109 

600 

80 

0.0700 

10000 

00 

0.0081 

600 

88 

0,.0420 

10000 

86 

0.0069 

600 

90 

0.0198 

10000 

90 

0.0057 

1000 

0 

0,3017 

2COOO 

0 

0.0079 

1000 

20 

0,2836 

20000 

20 

0.0074 

1000 

30 

0.2613 

20000 

30 

0.0068 

1000 

40 

0.2311 

20000 

40 

0.0060 

1000 

50 

0.1939 

20000 

60 

0.0052 

1000 

60 

0.1505 

20000 

60 

0.C044 

1000 

70 

0.1035 

20000 

70 

0.0038 

1000 

80 

0.0680 

20000 

eo 

0.0028 

1000 

88 

0.0381 

20000 

86 

0.002-4 

1000 

90 

0.0222 

20000 

90 

0.0020 

4  0  Z  - 


U'  7K. 

Ge  orn  et  f  Lc: 

Factor  tor  Kotlo 

cled  Solar 

Radi 

atiaii  t.o 

a  Flat  1 

«.  60* 

A.l^iiad* 

F 

0.6004 

<t>c 

Ai ti tffld* 

*  120* 

F 

|1«  Bti 

iOO 

d«(r*« 

0 

Q. 

3000 

0 

0.1260 

100 

20 

o.sGoe 

3000 

20 

0.1140 

100 

30 

0.5152 

3000 

30 

0.1035 

100 

+0 

0.4638 

3000 

40 

0.0864 

IGO 

60 

0.3786 

3000 

80 

0,0726 

100 

30 

0.26ie 

3000 

00 

0,0548 

100 

7C 

0.1663 

3000 

70 

0.0376 

100 

eo 

0.0048 

3000 

80 

0.0230 

100 

86 

0.0435 

3000 

86 

0.0170 

100 

eo 

O.O052 

30C0 

90 

0.0121 

300 

0 

0.4C05 

6000 

0 

0.05S1 

300 

ao 

0.4S50 

6000 

20 

0.0603 

300 

so 

0.4162 

6000 

30 

0.0454 

300 

40 

0.3647 

5000 

40 

0.0393 

300 

60 

0.3021 

6000 

50 

0.0324 

300 

60 

0,2303 

6000 

60 

0.02S8 

300 

70 

0.1514 

9000 

70 

0.0189 

300 

80 

0.0693 

6000 

80 

0.0131 

300 

88 

0.0320 

6000 

85 

0.0106 

300 

eo 

0.0074 

6000 

eo 

0.0083 

600 

0 

0.3880 

10000 

0 

0.0267 

600 

20 

0.3582 

10000 

20 

0.0236 

rtoo 

30 

0.3263 

iOOOO 

30 

0.0213 

600 

40 

0.2844 

10000 

40 

0.0186 

600 

60 

0.2339 

JOOOO 

50 

0.0167 

600 

60 

0.1762 

10000 

50 

0.0127 

600 

70 

0.1132 

10000 

70 

o.ooes 

600 

80 

0.0521 

10000 

80 

0.0072 

600 

66 

0.0271 

10000 

85 

0.0060 

600 

eo 

0.0106 

10000 

eo 

o.oo4e 

1000 

0 

0,5017 

20000 

0 

0.0079 

1000 

20 

0,2763 

20000 

20 

0.0073 

1000 

30 

0.2607 

20000 

30 

0.0006 

1000 

40 

0.2176 

20000 

40 

0.0059 

1000 

60 

0.1779 

20000 

60 

O.OUSO 

1000 

60 

0.1323 

20000 

00 

0.0042 

1000 

70 

0.0847 

20000 

70 

0.0034 

1000 

80 

0.0414 

20000 

80 

0,0026 

1000 

85 

0.0243 

20000 

85 

0.0022 

1000 

eo 

0.0123 

20000 

eo 

O.OOlt 

lali' 


T:iblc  79.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Flat  Plate 


^  IKO* 


Altiiad* 
a.  a. 

F 

Aliiiaddi 

ft  H  ft 

^5 

F 

100 

0 

0.6004 

3000 

0 

0.1260 

100 

20 

0.5688 

3000 

20 

0.1119 

100 

30 

0.511® 

30C0 

30 

0.0090 

100 

AO 

0.4402 

3000 

40 

0  H  0842 

100 

60 

0.3732 

3000 

60 

0.0608 

100 

00 

0.2368 

3000 

00 

0.0482 

100 

70 

0.1807 

3000 

70 

0.0311 

100 

80 

0.0880 

3000 

80 

0.0174 

100 

86 

0.0370 

3000 

86 

0.0122 

100 

90 

0.0012 

3000 

90 

0.0080 

300 

0 

0.4905 

0000 

0 

0.0681 

300 

20 

0.4507 

0000 

20 

0.0493 

300 

SO 

0.4000 

0000 

30 

0.0439 

300 

40 

0.3560 

0000 

40 

0.0374 

300 

60 

0.2024 

6000 

00 

0.0302 

300 

00 

0.2104 

6000 

00 

0.0232 

300 

70 

0.1300 

0000 

70 

0.0167 

300 

80 

0.0677 

0000 

80 

0.0112 

300 

66 

0.0222 

0000 

86 

0.0088 

300 

90 

0.0020 

0000 

90 

0.0008 

000 

0 

0.3889 

10000 

0 

0.0267 

600 

20 

0.3530 

lOCOO 

20 

0.0232 

600 

30 

0.3180 

10000 

30 

0.0208 

000 

40 

0.2745 

10000 

40 

0.0179 

000 

60 

0,2221 

10000 

60 

0.0149 

000 

00 

0.1020 

10000 

00 

0.0118 

000 

70 

0.0902 

10000 

70 

0.0090 

600 

80 

0.0391 

10000 

80 

0.0066 

000 

86 

0.0160 

10000 

00 

0.0054 

000 

00 

0.0042 

10000 

00 

0.0043 

1000 

0 

0.3017 

20000 

0 

0.0079 

1000 

20 

0,2710 

20000 

20 

0.0072 

1000 

30 

0.2430 

20000 

30 

0.0066 

1000 

40 

0.2077 

20000 

40 

0.0067 

1000 

60 

0.1060 

20000 

60 

0.0049 

1000 

00 

0.1191 

20000 

60 

0.0040 

1000 

70 

0.0710 

20000 

70 

0.0032 

1000 

80 

0.0293 

20000 

80 

0.0024 

ICOO 

86 

0.0146 

20000 

88 

0.0021 

1000 

90 

0.0006 

20000 

00 

0.0017 

-404 


Table  80.  Geometric  Factor  for  Heflecteci  Solar  Radiation  to  a  T'lat 


^  -  80« 


Altitude 

“^5 

F 

n.  ■. 

d«(r«« 

100 

0 

0.0004 

100 

20 

0.5570 

100 

30 

0.S104 

100 

40 

0.4476 

100 

50 

0.3712 

100 

80 

0.2830 

100 

70 

0.1873 

100 

80 

0.0850 

100 

85 

0.0347 

100 

00 

0.0003 

300 

0 

0.4000 

300 

20 

0.4491 

300 

30 

0.4070 

300 

40 

0.3536 

300 

50 

0.2880 

300 

00 

0.2154 

300 

70 

0.1353 

300 

80 

0.0534 

300 

80 

0.0187 

300 

00 

0.0010 

000 

0 

0.3889 

000 

20 

0.3511 

000 

30 

0.3158 

000 

40 

0.2700 

000 

60 

0.2178 

000 

90 

0.1581 

000 

70 

0.0940 

000 

80 

0.0344 

000 

80 

0.0128 

000 

90 

0.0020 

1000 

0 

0.3017 

1000 

20 

0.2691 

1000 

30 

0.2402 

1000 

40 

0.2040 

1000 

00 

0.1617 

1000 

60 

0.1143 

1000 

70 

0.0600 

1000 

80 

0.0249 

1000 

66 

0.0109 

1000 

90 

0.0032 

(P^  -  180* 


A1 ti tod* 

F 

n.  a. 

degree 

3000 

0 

0.1200 

3000 

20 

0.1108 

3000 

30 

0.0981 

3000 

40 

0.0823 

3000 

50 

0.0040 

3000 

00 

0.0458 

3000 

70 

0.0287 

3000 

80 

0.0154 

3000 

85 

0.0104 

3000 

90 

0.0060 

0000 

0 

0.0561 

0000 

20 

0.0489 

0000 

30 

0.0434 

0000 

40 

0.0367 

0000 

50 

0.0295 

6000 

60 

0.0223 

0000 

70 

0.0159 

0000 

80 

0.0100 

0000 

85 

0.0082 

6000 

90 

0.0062 

10000 

0 

0.0257 

10000 

20 

0.0230 

10000 

30 

0.0200 

10000 

40 

0.0177 

10000 

60 

0.0140 

10000 

00 

0.0110 

10000 

70 

0.0087 

10000 

80 

0.0062 

10000 

80 

0.0061 

10000 

90 

0.0041 

20000 

0 

0.0079 

20000 

20 

0.0072 

POOOO 

30 

0.0065 

20000 

40 

0.0057 

20000 

SO 

0.0048 

20000 

00 

0.0040 

20000 

70 

0.0031 

30000 

80 

0.0024 

20000 

80 

0.0020 

20000 

90 

0.0017 

Plate 
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I’iihlc  HI.  Geoinet.fic  Factor  i'or  Reflected  Solar  Ratliation  to  a  Flat  Plat 


^  - 

90* 

o<* 

Altliad* 

F 

Altit«d«  -Ov 

F 

n.  n. 

d«f r«9 

n.  as. 

d*j(r«t 

100 

0 

0.3662 

3000 

0 

0.0308 

100 

20 

0.3393 

3000 

20 

0.0332 

100 

30 

0.3167 

3000 

30 

0.0330 

100 

40 

0.2826 

3000 

40 

0.0324 

100 

60 

0.2407 

3000 

60 

0.0304 

100 

60 

0.1916 

3000 

60 

0.0274 

100 

70 

0.1367 

3000 

70 

0.0238 

100 

60 

0.0800 

3000 

80 

0.0200 

100 

86 

0.0C6S 

3000 

86 

0.0184 

100 

00 

0.0161 

5000 

90 

0.0130 

aoo 

0 

0,2538 

6000 

0 

0.0084 

300 

20 

0.2476 

6000 

20 

0,0098 

300 

SO 

0.2330 

6000 

30 

0.0098 

300 

40 

0.2114 

6000 

40 

0.0100 

300 

60 

0.1834 

6000 

80 

0.0098 

300 

60 

0.1498 

8000 

60 

0,0095 

300 

70 

0.1206 

6000 

70 

0.0006 

300 

80 

0.0770 

6000 

80 

0.0076 

300 

80 

0.0653 

6000 

88 

0.0068 

300 

60 

0.0264 

6000 

90 

0.0048 

000 

0 

0.1770 

10000 

0 

0.0029 

600 

20 

0.1768 

10000 

20 

0.0031 

600 

30 

0.1681 

10000 

30 

0,0032 

600 

40 

0.1547 

10000 

40 

0.0032 

600 

60 

0.1368 

10000 

SO 

0.0031 

600 

60 

0.1204 

10000 

80 

0.0029 

600 

70 

0.0940 

10000 

70 

0.0026 

600 

80 

0.0644 

10000 

80 

0.0022 

600 

68 

0.0487 

10000 

88 

0.0020 

600 

00 

0.0297 

10000 

90 

0.0017 

1000 

0 

0.1198 

20000 

0 

0.0004 

1000 

20 

0.1221 

20C00 

20 

0.0008 

1000 

30 

0.1177 

20000 

50 

0.0006 

1000 

40 

0.1097 

20000 

40 

0.0006 

1000 

80 

0.0983 

20000 

50 

0.0008 

1000 

60 

0.0864 

20000 

60 

0.0008 

1000 

70 

0.0696 

20000 

70 

0.0004 

1000 

80 

0.0607 

20C00 

80 

0.0004 

1000 

88 

0.0406 

20000 

88 

0.0003 

1000 

00 

0.0278 

20000 

90 

0.0005 

■  1  0  t) 


1'  t  (Vm-  VJAfl<>cted  Solar  lladiauion. 
Table;  8Z.  Gcooietric  I  actor  loi  ivciu-cccu  ou 

^  .  90* 


to  a  Flat  Plato 


Al tiiod# 

F 

n*  «• 

100 

0 

0.3652 

100 

20 

0.3388 

100 

30 

Q.314S 

100 

40 

0.2811 

100 

SO 

0.2390 

100 

SO 

0.1897 

100 

70 

0.1348 

100 

80 

0.0777 

100 

88 

0.0443 

100 

90 

0.0142 

300 

0 

0.2638 

300 

20 

0.24S3 

300 

SO 

0.2312 

300 

40 

0.2091 

300 

so 

0.1807 

300 

30 

0.1 467 

300 

70 

0.1108 

300 

80 

o.osss 

300 

86 

0.0443 

300 

«0 

0,0233 

000 

0 

0.1770 

000 

20 

0.1751 

000 

30 

0.1681 

000 

40 

0.1521 

000 

so 

0.1335 

000 

SO 

0.1128 

000 

70 

0.0861 

000 

80 

0.0553 

000 

88 

0.0408 

000 

ttO 

0.0282 

1000 

0 

0.1198 

1000 

20 

0.1208 

1000 

30 

0.115S 

1000 

40 

0.1073 

1000 

so 

0.C968 

1000 

SO 

O0O8I8 

1000 

70 

0.0633 

1000 

80 

0.0438 

1000 

88 

0.0343 

1000 

00 

0.0246 

j4  -  30* 


Alilindo 

a* 

d«(r«« 

F 

3000 

0 

0.0308 

3000 

20 

0.0328 

3000 

30 

0.0322 

3000 

40 

0.0310 

3000 

SO 

0.0284 

3000 

60 

0.0258 

3000 

70 

0.0208 

3000 

80 

0.0163 

3000 

88 

0.0140 

3000 

90 

0.0144 

6000 

0 

0.0084 

6000 

20 

0.0093 

8000 

30 

0,0092 

6000 

40 

0.0090 

9000 

60 

0.0084 

6000 

60 

0.0078 

6000 

70 

0.0065 

6000 

80 

G.0068 

6000 

88 

0.0049 

6000 

90 

0.0042 

10000 

0 

0.0028 

10000 

20 

0.0030 

10000 

30 

0.0032 

10000 

40 

0.0030 

10000 

60 

0.0028 

lOCOO 

no 

0.0025 

10000 

70 

0.0023 

10000 

80 

0.0019 

10000 

88 

0.0017 

10000 

90 

0.0015 

20000 

0 

0.0004 

20000 

20 

0.0005 

20000 

30 

0.0005 

20000 

40 

0.0008 

20000 

so 

O.OOOS 

20000 

SO 

0.0004 

20000 

70 

0.0004 

20000 

80 

0.0003 

20000 

88 

0.0003 

20000 

00 

0.0003 
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Table  83.  Geonu-Lric  Factor  for  Reflected  Solar  Radiation  to  a  I'lat  V’l 


«  00*  (f)  ^  OO* 

f  c 


A1 tl ind* 
n.  ». 

.^6 

d«gr«« 

F 

A1 11 tad« 

a.  B. 

d«gr«« 

F 

100 

0 

0.3502 

3000 

0 

0.0306 

100 

20 

0.3365 

3000 

20 

0.0310 

100 

30 

0.3116 

.3000 

30 

0.0298 

100 

40 

0.2773 

3000 

40 

0,0276 

100 

50 

0.2345 

3000 

60 

0.0243 

100 

60 

0.1846 

3000 

60 

0.0206 

100 

70 

0.1290 

3000 

70 

0.0165 

100 

80 

0.0690 

30C0 

80 

0.0122 

100 

86 

0.0382 

3000 

86 

0.0100 

100 

90 

0.0098 

3000 

60 

0.0079 

300 

0 

0.2538 

6000 

0 

0.0G84 

300 

80 

0.2430 

6000 

20 

0.0087 

300 

SO 

0,2264 

6000 

30 

0.0084 

300 

40 

0.2029 

6000 

40 

0.0078 

300 

60 

0.1732 

6000 

60 

0.0070 

300 

60 

0.1383 

6000 

60 

0.0060 

300 

70 

0.0992 

6000 

70 

0.0061 

300 

80 

0.0564 

6000 

80 

0.0040 

300 

86 

0.0362 

6000 

86 

U.0034 

300 

00 

0.0181 

6000 

90 

0.0029 

eoo 

0 

0.1770 

10000 

0 

0.0026 

000 

20 

0.1714 

10000 

20 

0.0027 

600 

30 

C.1607 

10000 

30 

0.0027 

600 

40 

0.1451 

10000 

40 

0.0026 

600 

60 

0.1251 

10000 

50 

0.0023 

600 

60 

0.1015 

10000 

60 

0.0020 

600 

70 

0.0738 

10000 

70 

0.0017 

600 

80 

0.0449 

10000 

80 

0.0014 

600 

86 

0.0310 

10000 

86 

0.0012 

600 

00 

0.0181 

10000 

90 

O.OGIO 

1000 

0 

0.1198 

20000 

0 

0.0004 

1000 

20 

0.1173 

20000 

20 

0.0004 

1000 

30 

0.1107 

20000 

30 

0.0004 

1000 

40 

0.1007 

20000 

40 

0.0004 

1000 

60 

0.0877 

20000 

60 

0.0004 

1000 

60 

0,0716 

20000 

60 

0.0003 

1000 

70 

0.0532 

20000 

70 

0.0003 

1000 

80 

0.0346 

20000 

80 

0.0002 

1000 

86 

0.0265 

20000 

86 

0.0002 

1000 

00 

0.0166 

20000 

90 

0.0001 
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Table  84.  Cieomet ric.  Factoi-  £oi  Rei'lected  Solar  Radiation  to  a  Flat  P 


Jr'  -  90»  0^-  90“ 


Alii  tod* 

P 

A1 iitndw 

F 

a*  o. 

d«gr«« 

n.  ■. 

dttgr** 

100 

0 

0.3582 

3000 

0 

0.0306 

100 

20 

0,3337 

3000 

20 

0.0288 

100 

30 

0.3076 

3000 

30 

0.0266 

100 

40 

0.2721 

3000 

40 

0.0233 

^00 

60 

0.2283 

3000 

60 

0.0194 

100 

6C 

0.1776 

3000 

60 

0.0152 

100 

70 

0.1214 

3000 

70 

0.0111 

100 

80 

0.0608 

3000 

80 

0.0073 

100 

88 

0.030S 

3000 

86 

0.0066 

100 

90 

0.0081 

3000 

90 

0.0041 

30C 

0 

0.2538 

5000 

0 

0.0084 

300 

20 

0.2385 

6000 

20 

0.0078 

300 

30 

0.2108 

6000 

30 

0,0072 

300 

40 

C.1044 

5000 

40 

0.0063 

300 

50 

0.1631 

5000 

60 

0.0063 

300 

60 

0.1260 

6000 

80 

0.0043 

300 

70 

0.086S 

6000 

70 

0.0033 

300 

80 

0.0438 

6000 

80 

0.0023 

300 

86 

0.0238 

6000 

86 

0.0019 

300 

00 

0.0084 

6000 

90 

0.0016 

000 

0 

0.1770 

10000 

0 

0.0026 

600 

20 

0.1663 

10000 

20 

0.0024 

600 

30 

0.1532 

10000 

30 

0.0022 

600 

40 

0.1366 

10000 

40 

0.0020 

600 

60 

0.1137 

10000 

60 

0.0017 

600 

60 

0.0883 

10000 

60 

0.0014 

600 

70 

0.0599 

10000 

70 

0.0011 

600 

80 

0.0316 

10000 

BO 

0.0008 

600 

86 

0.0191 

lOOUO 

86 

0.0006 

600 

00 

C.0094 

lOOOC 

90 

0.0006 

1000 

0 

3.1198 

20000 

0 

0.0004 

1000 

20 

0.1125 

20000 

20 

0.0004 

1000 

30 

0.1037 

20000 

30 

0.0003 

1000 

40 

0.0917 

20000 

40 

0.0005 

1000 

60 

0.0770 

20000 

80 

OoOOOS 

1000 

60 

0,0593 

20000 

60 

0.0002 

1000 

70 

0.0405 

20000 

70 

0.0002 

1000 

80 

0.0227 

20000 

80 

O.OOOl 

1000 

63 

0.0160 

20000 

86 

0.0001 

1000 

00 

0.0088 

20000 

00 

0.0001 

late 
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Tabic  85.  Geometi'ic  Factor  for  lieflected  Solar  Radiation  to  a  Flat  PI 


t- 

00* 

i4-  >*»• 

Alii  tad* 

'^5 

F 

A1  ti  tnde 

F 

n.  a. 

d*f r«* 

D.  a. 

d*f r*« 

100 

0 

0.3652 

3000 

0 

0,0306 

100 

20 

0.3310 

3000 

20 

0,0265 

100 

30 

0.3036 

3000 

30 

0.0232 

100 

40 

0.2669 

3000 

40 

0.0161 

100 

60 

0.2221 

3000 

50 

0.0146 

100 

60 

0.1706 

3000 

60 

0.0101 

100 

70 

0.1138 

3000 

70 

0.0062 

100 

80 

0.0620 

3000 

80 

0.0032 

100 

86 

0.0230 

3000 

85 

0.0022 

100 

90 

0.0017 

3000 

90 

0.0014 

300 

0 

0.2638 

6000 

0 

0.0084 

300 

20 

0.2339 

6000 

20 

0.0070 

300 

50 

0,2132 

6000 

30 

0.0060 

300 

40 

0.1859 

6000 

40 

0.0048 

300 

60 

0.1630 

6000 

60 

0.0036 

300 

60 

0.1164 

6000 

60 

0.0024 

300 

70 

0.0742 

6000 

70 

0.0016 

300 

80 

0.0317 

6000 

80 

0.0009 

300 

86 

0.0136 

6000 

85 

0.0007 

300 

90 

0.0028 

6000 

90 

0.0005 

600 

0 

0,1770 

10000 

0 

0,0026 

600 

20 

0,1612 

10000 

20 

0.0022 

600 

30 

0.1468 

10000 

30 

0.0018 

600 

40 

0.1260 

10000 

40 

0.0014 

600 

60 

0.1023 

10000 

60 

0.0011 

600 

60 

0.0766 

iOOOO 

60 

0.0008 

600 

70 

0.0464 

10000 

70 

0.0005 

600 

80 

0.0163 

10000 

80 

0.0003 

600 

65 

0.0002 

10000 

80 

0.0002 

600 

90 

0.0032 

10000 

90 

0.0001 

1000 

0 

0.1108 

20000 

0 

0.0004 

1000 

20 

0.1078 

20000 

20 

0.0003 

1000 

30 

0,0067 

20000 

30 

0.0003 

1000 

40 

0.0828 

20000 

40 

0.0002 

1000 

50 

0.0663 

20000 

60 

0.0001 

1000 

60 

0.0475 

20000 

60 

0.0000 

1000 

70 

0.0284 

20000 

70 

0.0000 

1000 

80 

0.0123 

20000 

80 

0.0000 

1000 

86 

0.0068 

20000 

85 

0.0000 

1000 

90 

0.0030 

20000 

90 

0.0000 
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Table  86.  Gcomelric  Factor  for  KeiTected  Solar  Radiation  to  a  Flat  PI 


^  -  90'*  (p^  ™  IBO* 


A1 tud* 
Q*  n. 

-^-6 

dffgr** 

F 

Al tl tad* 

.  D.  a. 

degr** 

F 

100 

0 

0.3552 

3000 

0 

0.0306 

100 

20 

0.3290 

3000 

20 

0.0240 

;oo 

30 

0.3006 

5000 

30 

0.0209 

100 

40 

0.2631 

3000 

40 

0.0161 

100 

60 

0.2175 

3000 

SO 

o.om 

100 

60 

0.1654 

3000 

60 

0.0066 

100 

70 

0.1083 

3000 

70 

0.0030 

100 

80 

0.0471 

3000 

80 

0.0009 

100 

86 

0.0177 

3000 

86 

0.0004 

100 

90 

0.0002 

3000 

90 

0.0001 

300 

0 

0.2538 

6000 

0 

0.0084 

300 

20 

0.2306 

6000 

20 

0.0064 

300 

SO 

0.2083 

6000 

30 

0.0061 

300 

40 

0.1797 

6000 

40 

0.0037 

300 

60 

0.1456 

6000 

60 

0.0027 

300 

60 

0.1070 

6000 

60 

0.0016 

300 

70 

0.0651 

6000 

70 

0.0006 

300 

80 

0.0231 

6000 

80 

0.0002 

300 

86 

0.0068 

6000 

86 

0.0001 

300 

90 

0.0003 

6000 

90 

0.0000 

eoo 

0 

0.1770 

10000 

0 

0.0026 

600 

20 

0.1575 

10000 

20 

0.0019 

600 

30 

0.1404 

10000 

30 

0.0014 

eoo 

40 

0.1190 

10000 

40 

0.0010 

eoo 

60 

0.0940 

10009 

60 

0.0006 

600 

60 

0.0661 

10000 

60 

0.0002 

eoo 

70 

0.0365 

10000 

70 

0.0001 

600 

80 

0.0109 

10000 

80 

0,0000 

600 

8S 

0.0032 

10000 

86 

0.0000 

600 

00 

0.0004 

10000 

90 

0,0000 

1000 

0 

0.1198 

20000 

0 

0.0004 

1000 

20 

0,1045 

20000 

20 

0.0003 

1000 

30 

0.0918 

20000 

30 

0.0002 

1000 

40 

0.0762 

20000 

40 

0.0001 

1000 

60 

0,0585 

20000 

60 

0.0000 

1000 

80 

0.0389 

20000 

60 

0.0000 

1000 

70 

0.0197 

20000 

70 

0.0000 

1000 

BO 

0.0066 

20000 

80 

0.0000 

1000 

85 

0.0018 

20000 

83 

0.0009 

1000 

90 

0.0004 

20000 

90 

0.0000 
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Table  87. 


Cieotne  t  I'ic  factor  tor  RrTlectctl  Solar  H.;uliation  to  a  flat  l^la 


m  so* 

180» 

Aiiltud* 

<9-4 

F 

Altiinda 

F 

n.  ■<. 

n.  ■. 

100 

0 

0.3652 

3000 

0 

0.0306 

100 

20 

0.3282 

3000 

20 

0.0243 

100 

30 

0.2006 

3000 

30 

0.0200 

100 

40 

0.2617 

3000 

40 

O.QISO 

100 

60 

0.2150 

3000 

SO 

0.0008 

100 

60 

0.1636 

5000 

60 

0.0052 

100 

70 

0.1062 

3000 

70 

0.0018 

100 

80 

0,0460 

3000 

80 

0.0002 

100 

86 

0.0157 

3000 

86 

0.0000 

100 

90 

0.0000 

3000 

00 

0.0000 

300 

0 

0.2638 

6000 

0 

0.0084 

300 

20 

0.2204 

6000 

20 

0.0062 

300 

30 

0.2066 

6000 

30 

0.0048 

300 

40 

0.1774 

6000 

40 

0.0034 

300 

60 

0.1428 

6000 

60 

0.0020 

300 

60 

0.1030 

6000 

60 

0.0010 

300 

70 

0.0618 

6000 

70 

0.0003 

300 

80 

0.0190 

6000 

80 

0.0000 

300 

86 

0.0044 

6000 

85 

0.0000 

300 

00 

0.0000 

6000 

90 

0.0000 

000 

0 

0.1770 

10000 

0 

0.0026 

600 

20 

0.1561 

10000 

20 

0.0018 

000 

30 

0.1384 

10000 

30 

0.0014 

600 

40 

0.1164 

10000 

40 

0.0009 

600 

50 

0.0909 

10000 

60 

0.0006 

600 

60 

0.0627 

10000 

60 

0.0002 

600 

70 

0.0329 

10000 

70 

0.0000 

600 

80 

0.0079 

10006 

80 

0.0000 

600 

86 

0.0013 

10000 

86 

0.0000 

600 

00 

0.0000 

10000 

00 

0.0000 

1000 

0 

0.1198 

20000 

0 

0.0004 

1000 

20 

0.1 03C 

20000 

20 

0.0003 

1000 

30 

0.0^08 

20000 

30 

0.0002 

1000 

40 

0.0738 

20000 

40 

0.0001 

1000 

60 

0.0556 

20000 

60 

0.0000 

1000 

60 

0.0367 

lOOOD 

60 

O.OOCO 

1000 

70 

0.0165 

20000 

70 

0.0000 

1000 

80 

0.0031 

20000 

80 

0.0000 

1000 

85 

0.0004 

’40000 

86 

o.oooc 

1000 

90 

O.OOCO 

30000 

00 

0.0000 
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o  88.  (k' 

lomckrit:  J 

K  a  c  1  (.)  r  1 1)  r  I  <  o  1'  1  e  e. 

Led  Sol.\r 

kadi  at  ion  t 

120* 

Altltu<)* 

F 

4-  0* 

Altlind*  ^4 

e.  a. 

d*gr«« 

o. 

uttgr** 

100 

0 

0.1351 

3000 

0 

100 

20 

0.1200 

3000 

20 

100 

30 

0.1214 

3000 

30 

100 

40 

0.1091 

3000 

40 

100 

60 

0.0936 

3000 

60 

100 

60 

0.0762 

3000 

60 

100 

70 

0.0546 

3000 

7C 

100 

80 

0.0321 

3000 

80 

100 

88 

0.0205 

3000 

88 

100 

00 

0.0088 

3000 

00 

300 

0 

0.0746 

6000 

0 

300 

20 

0.0740 

6000 

20 

300 

SO 

0.0703 

6000 

30 

300 

40 

0.0G45 

6000 

40 

300 

60 

0.0666 

6000 

60 

300 

60 

0.0471 

6000 

60 

300 

70 

0.0362 

6000 

70 

300 

80 

0.0241 

6000 

80 

300 

88 

0.0178 

6000 

88 

300 

00 

0.0113 

6000 

00 

000 

0 

0.0369 

10000 

0 

600 

20 

0.0378 

10000 

20 

600 

30 

0.0367 

lOOUO 

30 

600 

40 

0.0343 

10000 

40 

600 

50 

0.0310 

10000 

50 

600 

60 

0.0206 

10000 

60 

600 

70 

0.0215 

10000 

70 

600 

80 

0.0167 

10000 

80 

600 

86 

0.0126 

10000 

88 

600 

00 

0,OOG4 

10000 

20 

1000 

0 

0.0167 

20000 

0 

1000 

20 

0.0108 

20000 

20 

1000 

30 

0.0166 

20000 

30 

1000 

40 

0.0169 

20000 

40 

1000 

60 

0.0147 

20000 

60 

1000 

60 

0.0130 

20000 

60 

1000 

70 

0.0110 

20000 

70 

1000 

80 

0.0086 

20000 

80 

1000 

86 

0.0073 

20000 

88 

1000 

m 

0.0059 

20000 

90 

■1  i 
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89.  (jooniet.ri.c  Factor  for 


I-  Kolloctcd  Solar  Radiation  to  a  Flat  Plate 


^4 

-  120« 

%  -  ^0* 

Aliitudo 

F 

Altitud# 

o.  a. 

d«gr«« 

A  *  M  • 

d«gr«« 

100 

0 

0.1361 

300G 

0 

100 

20 

0.1295 

3000 

20 

lOG 

30 

0.1208 

3000 

30 

100 

40 

0.1034 

3000 

40 

100 

50 

0.0927 

3000 

00 

100 

60 

0.0741 

3000 

00 

100 

70 

0.0534 

3000 

70 

100 

eo 

0.0310 

3000 

80 

100 

65 

0.0210 

3000 

88 

100 

60 

0.0072 

3000 

90 

300 

0 

0.0746 

6000 

0 

300 

20 

0.0736 

8000 

20 

300 

30 

0.0696 

6000 

30 

300 

40 

0.0636 

6000 

40 

300 

60 

0.0555 

6000 

60 

300 

60 

0,0468 

6000 

0?V 

300 

70 

0.0347 

6000 

70 

300 

80 

0.0226 

6000 

80 

300 

85 

0.0165 

6000 

86 

300 

90 

0.0098 

6000 

90 

600 

0 

0.0369 

10000 

0 

600 

20 

0.0375 

10000 

20 

600 

30 

G.0361 

10000 

30 

600 

40 

0.0336 

lOOOC 

40 

600 

60 

0.0300 

10000 

60 

600 

60 

0.0255 

10000 

00 

600 

70 

0.0203 

10000 

70 

600 

30 

0.0144 

10000 

80 

600 

60 

0.0117 

10000 

80 

600 

90 

0.0081 

10000 

90 

1000 

0 

0.0157 

20000 

0 

IGOO 

20 

0.0165 

20000 

20 

1000 

30 

0.0162 

20000 

30 

1000 

40 

0.0164 

20000 

40 

1000 

60 

0.0141 

20000 

60 

1000 

60 

0.0123 

20000 

60 

1000 

70 

0.0102 

20000 

70 

1000 

80 

0.0078 

20000 

80 

1000 

S6 

0.0065 

20000 

85 

1000 

90 

0.0060 

20000 

90 

■111 


m  120*  A:“ 


A1 ii tad* 

Altitnd* 

a»  a. 

o.  a. 

dcfrc* 

100 

0 

0.1361 

3000 

0 

100 

20 

0.1284 

3000 

20 

100 

30 

0.1102 

3000 

30 

100 

40 

0.1063 

3000 

40 

100 

60 

0.0902 

3000 

80 

100 

60 

0,0713 

3000 

60 

100 

70 

0.0603 

3000 

70 

100 

80 

0.0296 

3000 

80 

100 

88 

0.0188 

3000 

88 

100 

00 

0.0036 

3000 

20 

300 

0 

(0.0746 

6000 

0 

300 

20 

0.0721 

6000 

20 

300 

30 

0.0676 

6000 

30 

300 

40 

0.0608 

6000 

40 

300 

60 

0.0623 

6000 

80 

300 

60 

0.0422 

6000 

60 

300 

70 

0.0308 

6000 

70 

300 

80 

0.0206 

6000 

80 

300 

88 

0.0148 

6000 

86 

300 

«0 

0.0637 

6000 

00 

600 

0 

0.0309 

10000 

0 

600 

20 

0.0363 

10000 

20 

600 

30 

0.0343 

10000 

50 

600 

40 

0.0313 

10000 

40 

600 

60 

0.0273 

lOOOC 

60 

600 

60 

0,0225 

10000 

60 

600 

70 

0,0180 

10000 

70 

600 

80 

0.0136 

10000 

80 

600 

68 

0.0106 

10000 

86 

600 

00 

O.OC'50 

10000 

00 

ICOO 

0 

0.0167 

20000 

0 

1000 

20 

0.0168 

20000 

20 

1000 

30 

0,0151 

20000 

SO 

1000 

40 

0.0140 

20000 

40 

1000 

SO 

0.0124 

20000 

60 

1000 

60 

0.0104 

20000 

00 

1000 

70 

0.0030 

20000 

70 

1000 

80 

0.0820 

20000 

SO 

1000 

86 

0.0700 

20000 

86 

1000 

00 

0.0031 

20000 

00 

.h'  9  1. 

Ge 

o  1 1 1  c  1 1-  i  c 

l''  u:toi-  f'o! 

•  Sola  n'  K.k 

Ij  ativHi 

^  - 

.  120* 

t 

«.  90 

Al ti tnd* 

F 

A1  ti  tndu 

n.  ■ 

a 

dv|gr«4 

.  n. 

d*gr«* 

100 

0 

O.iSSl 

3(>00 

0 

100 

20 

0.1260 

1000 

20 

100 

30 

0.1170 

sooo 

30 

100 

40 

0.1034 

3000 

40 

100 

00 

0.0868 

3000 

SO 

100 

60 

0.0675 

3000 

60 

100 

70 

0.0462 

3000 

7C 

100 

60 

0.0265 

3000 

80 

100 

es 

0.0160 

3000 

83 

100 

00 

0.002S 

3000 

90 

?00 

0 

0.0746 

6000 

0 

soo 

20 

0.0701 

60C0 

20 

300 

SO 

0.0946 

eooo 

30 

300 

40 

0.0S72 

6000 

40 

300 

SO 

0.04V9 

6000 

80 

300 

60 

0.0373 

6000 

60 

300 

70 

0.0280 

6000 

70 

300 

80 

0.0185 

6000 

80 

300 

85 

0.0128 

6000 

86 

SOO 

00 

0.0048 

6000 

90 

000 

0 

0.0369 

10000 

0 

000 

20 

0.0347 

10000 

20 

000 

30 

0.0320 

10000 

30 

000 

40 

0.0283 

10000 

40 

000 

SO 

0.0237 

10000 

00 

600 

60 

0.0184 

10000 

60 

600 

70 

0.0145 

10000 

70 

600 

80 

0.0112 

10000 

80 

600 

98 

0.0092 

10000 

88 

000 

00 

0,0035 

10000 

90 

1000 

0 

0.0157 

20000 

0 

1000 

20 

0.0148 

20000 

20 

1000 

SO 

0.0130 

20000 

30 

1000 

40 

0.0120 

20000 

40 

1000 

80 

0.0101 

20000 

80 

1000 

00 

0.0086 

20000 

60 

1000 

70 

0.0073 

20000 

TO 

1000 

90 

0.0064 

20000 

80 

1000 

88 

0.0043 

20000 

88 

1000 

00 

0,0620 

20000 

00 

a  l''lat  Plat.' 


i  1  b 


■MtkUiitKIttl 


100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

300 

300 

300 

300 

300 

300 

300 

300 

300 

300 

600 

600 

600 

600 

600 

600 

600 

600 

600 

600 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 


0  0.1351 

20  0.1264 

30  0.1147 

^  0.10U6 

50  0.0834 

00  0.0637 

70  0.0420 

eo  0.0180 

85  0.0076 

00  0.0015 

0  0.0746 

20  0.0882 

50  0.0618 

40  0.0636 

60  0.0436 

50  0.0324 

70  0.0220 

80  0.0077 

85  0.0030 

00  0.0008 

0  0.0360 

20  0.0331 

30  0.0296 

40  0.0262 

50  0.0201 

50  0.0143 

70  0.0081 

80  0.0028 

85  0.0011 

00  0.0003 

0  0.0157 

20  0.0138 

30  0.0121 

40  0.0101 

50  0.0078 

50  0.0062 

70  0.0025 

80  0.0009 

05  0.0045 

00  0.0001 


3000 

0 

3000 

20 

3000 

30 

3000 

40 

3000 

50 

3000 

00 

3000 

70 

3000 

80 

3000 

85 

3000 

90 

6000 

0 

6000 

20 

6000 

30 

eouo 

40 

6000 

50 

6000 

60 

6000 

70 

3000 

80 

6000 

86 

6000 

90 

10000 

0 

10000 

20 

10000 

30 

10000 

40 

10000 

SO 

10000 

60 

10000 

70 

10000 

80 

10000 

86 

10000 

90 

20000 

0 

20000 

20 

20000 

30 

20000 

40 

20000 

SO 

20000 

60 

20000 

70 

20000 

80 

20000 

86 

20000 

90 
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Table  91.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Flat  Plate 


3^-  120*  160* 


Altitod* 

F 

A1 ti tad* 

n*  a. 

n.  a. 

d«sr«* 

100 

0 

0.1361 

3000 

0 

100 

20 

0.1243 

3000 

20 

100 

30 

0.1131 

3000 

30 

100 

40 

0.0085 

3000 

40 

100 

60 

0.0800 

3000 

60 

100 

60 

o.oeoo 

3000 

60 

100 

70 

0.0360 

3000 

70 

100 

80 

0.0168 

3000 

80 

100 

BO 

0.0040 

3000 

80 

100 

eo 

0.0001 

3000 

90 

SOO 

0 

0.0746 

6000 

0 

300 

20 

0.0668 

6000 

20 

300 

so 

0.0507 

6000 

30 

300 

40 

0.0508 

6000 

40 

300 

RO 

0.0404 

6000 

60 

300 

60 

0.0288 

6000 

60 

300 

70 

0.0160 

6000 

70 

300 

80 

0.0042 

6000 

80 

300 

86 

0.0007 

6000 

80 

300 

00 

0.0000 

6000 

00 

000 

0 

0.0369 

10000 

0 

000 

20 

0.0319 

10000 

20 

000 

30 

0.0276 

10000 

30 

000 

40 

0.0230 

10000 

40 

000 

50 

0.0174 

10000 

00 

000 

60 

0.0113 

10000 

60 

000 

70 

0.0061 

10000 

70 

000 

80 

0.0007 

10000 

80 

000 

88 

0.0001 

10000 

80 

000 

00 

0.0000 

10000 

80 

1000 

0 

0.0167 

20000 

0 

1000 

20 

0.0130 

20000 

20 

1000 

30 

0.0110 

20000 

30 

1000 

40 

0.0087 

20000 

40 

1000 

60 

0.0061 

20000 

00 

1000 

60 

0.0034 

26000 

00 

1000 

70 

0.0011 

20000 

70 

1000 

80 

0.0000 

20000 

80 

1000 

86 

0.0000 

20000 

86 

1000 

00 

0.0000 

20000 

90 

^  1  1  H 


Table  94.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  I'dat  Plate 


■ 

120* 

«  180* 

Altitada 

F 

A1  ii  itid* 

u.  ■. 

d«gr9« 

B.  a. 

degr«« 

100 

0 

0.1361 

3000 

0 

100 

20 

0.1230 

3000 

20 

100 

30 

0,1128 

3000 

30 

100 

AO 

0.0078 

3000 

40 

100 

SO 

0.0800 

3000 

80 

100 

60 

0.0598 

3000 

60 

100 

70 

0.0378 

3000 

70 

100 

60 

0.0130 

3000 

80 

100 

88 

0.0024 

3000 

86 

100 

90 

0.0008 

3000 

90 

300 

0 

0.0740 

6000 

0 

300 

20 

0.0662 

6000 

20 

300 

SO 

0.0589 

6000 

30 

300 

40 

0.0409 

6000 

40 

300 

60 

0.0393 

6000 

60 

300 

60 

0.0278 

6000 

60 

300 

70 

0.0145 

6000 

70 

300 

80 

0.0024 

6000 

80 

300 

80 

0.0005 

6000 

85 

300 

00 

0.0001 

6000 

90 

600 

0 

0.0369 

10000 

0 

600 

20 

0.0314 

10000 

20 

600 

30 

0.0272 

10000 

30 

600 

40 

0.0222 

10000 

40 

600 

60 

0.0164 

10000 

50 

600 

60 

0.0100 

10000 

60 

600 

70 

0.0040 

10000 

70 

600 

80 

0.0002 

10000 

80 

600 

80 

0.0000 

10000 

80 

600 

00 

0.0000 

10000 

90 

1000 

0 

0.0157 

20000 

0 

1000 

20 

0.0127 

20000 

20 

1000 

SO 

0.0106 

20000 

30 

1000 

40 

0.0082 

20000 

40 

1000 

50 

0.0055 

20000 

60 

1000 

60 

0.0020 

20000 

60 

1000 

70 

0.0000 

20000 

70 

1000 

80 

0.0000 

20000 

80 

1000 

80 

0.0000 

20000 

86 

1000 

00 

0.0000 

20000 

90 

4  1  9 


Table' 


9  b.  G(' OHIO  trie  I' 

'actor  I'or  Ivcflectce 

1  Solar  Kad 

iatioM  t 

/- 

160« 

4 

»• 

Altitude 

F 

Altitude 

D.  n. 

degree 

a.  «! 

degree 

100 

0 

0.0144 

3000 

0 

100 

20 

0.0141 

3000 

20 

100 

30 

0.0132 

3000 

30 

100 

40 

0.0120 

3000 

40 

100 

60 

0.0104 

3000 

80 

100 

60 

0.0086 

3000 

60 

100 

to 

0.0064 

3000 

to 

100 

80 

0.0040 

3000 

89 

100 

80 

0.0028 

3000 

88 

100 

90 

0.0018 

3000 

90 

300 

0 

0.0016 

6000 

0 

300 

20 

0.0016 

6000 

20 

300 

SO 

O.OOIS 

6000 

30 

300 

40 

0.0014 

6000 

40 

300 

60 

0.0013 

6000 

80 

300 

60 

0.0011 

6000 

60 

300 

to 

0.0009 

6000 

to 

300 

80 

0,0006 

6000 

80 

300 

86 

0.0005 

6000 

88 

300 

90 

0.0004 

6000 

00 

600 

0 

10000 

0 

600 

20 

10000 

20 

600 

30 

10000 

30 

600 

40 

10000 

40 

600 

60 

10000 

50 

600 

60 

10000 

60 

600 

to 

iOOOO 

to 

600 

80 

10000 

80 

600 

80 

10000 

80 

600 

00 

10000 

90 

1000 

0 

20000 

0 

1000 

20 

20000 

20 

1000 

30 

20000 

30 

1000 

40 

20000 

40 

1000 

60 

20000 

60 

1000 

60 

20000 

60 

1000 

to 

20000 

to 

1000 

80 

20000 

80 

1000 

80 

20000 

88 

1000 

90 

20000 

90 

-  1  Z(> 


ible  96.  C.ieoiDot.ric  Factor  lor  Kol'lectoil  Solar  Radiation  to  a  Fiat  Plate 


t 

»  160* 

4 

kltii 

uil# 

« 

Altitude 

n>  n. 

d9|$r«t 

n»  ■* 

degree 

100 

0 

0.0144 

3000 

0 

100 

20 

0.0140 

3000 

20 

100 

30 

9.0131 

3000 

30 

100 

40 

0.0110 

3000 

40 

100 

60 

0.0103 

3000 

60 

100 

60 

0.0083 

3090 

60 

100 

70 

0.0062 

3000 

70 

100 

60 

0.003S 

3000 

ao 

100 

es 

0.0026 

3000 

86 

100 

00 

0.0013 

3000 

90 

300 

0 

0.0016 

6000 

0 

SCO 

20 

0.0016 

6000 

20 

300 

SO 

0.0016 

6000 

30 

300 

40 

0.0014 

6000 

40 

300 

50 

0.0012 

6000 

60 

300 

60 

0.0011 

6000 

60 

300 

70 

0.0008 

6000 

70 

300 

80 

0.0006 

eooG 

80 

300 

80 

0.Q005 

6000 

ao 

300 

00 

0.0003 

60C0 

90 

600 

0 

10000 

0 

000 

20 

lOOCO 

20 

600 

30 

10000 

30 

600 

40 

10000 

40 

600 

60 

10000 

60 

600 

60 

10000 

80 

000 

70 

10000 

70 

600 

80 

10000 

80 

600 

88 

10000 

8F 

600 

00 

10000 

90 

1000 

0 

20000 

0 

1000 

20 

20000 

20 

1000 

30 

20000 

30 

1000 

40 

20000 

40 

1000 

60 

20000 

60 

1000 

60 

20000 

60 

1000 

70 

20000 

70 

1000 

80 

20000 

80 

1000 

86 

20000 

86 

1000 

00 

20000 

90 

Altitado 

F 

A1 ti tad* 

Q.  n. 

d«gi;r«« 

a.  a. 

d*f r«* 

100 

0 

0.0144 

3000 

0 

100 

20 

0.0138 

3000 

20 

100 

30 

0.0129 

3000 

30 

100 

40 

0.0115 

3000 

40 

100 

BO 

0.0098 

3000 

50 

100 

00 

0.0079 

3000 

50 

100 

70 

0.0038 

3000 

70 

100 

80 

0.0032 

3000 

80 

100 

88 

0.0015 

3000 

88 

100 

90 

0.0008 

3000 

90 

aoo 

0 

0.0015 

5000 

0 

300 

30 

0.0015 

6000 

20 

300 

SO 

0.0014 

6000 

30 

300 

40 

0.0013 

0000 

40 

300 

50 

0.0011 

6000 

60 

300 

00 

0.0009 

0000 

60 

300 

70 

0.0007 

6000 

70 

300 

80 

0.0004 

6000 

80 

300 

85 

0.0003 

0000 

85 

300 

90 

0.0002 

6000 

00 

000 

0 

10000 

0 

000 

20 

10000 

20 

000 

30 

10000 

30 

)0 

40 

10000 

40 

000 

50 

10000 

SO 

600 

00 

10000 

00 

600 

70 

10000 

?0 

000 

80 

10000 

80 

600 

88 

10000 

88 

000 

90 

10000 

00 

1000 

0 

29000 

0 

1000 

20 

20000 

20 

1000 

30 

20000 

30 

1000 

40 

20000 

40 

1000 

50 

20000 

60 

1000 

60 

20000 

60 

1000 

70 

20000 

70 

1000 

80 

20000 

80 

1000 

88 

20000 

88 

1000 

90 

20000 

90 

1  /  z 


Table  98.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Flat  Plate 


160* 

1 

8D 

O 

Ai ti tod* 

F 

Altitod* 

0*4 

n. 

d*g .*• 

a.  ». 

(J<3f  r*« 

100 

0 

0.0144 

3000 

0 

100 

20 

0.0136 

3000 

20 

100 

30 

0.0125 

3000 

SO 

100 

40 

0.0110 

3000 

40 

100 

00 

0.0002 

3000 

80 

100 

00 

0.0072 

3000 

60 

100 

70 

0.0049 

3000 

TO 

100 

80 

0.0020 

3000 

80 

100 

88 

0.0007 

3000 

86 

100 

00 

0.0002 

3000 

90 

SGO 

0 

0,0016 

6000 

0 

300 

20 

0.0014 

6000 

20 

300 

30 

0.0013 

6000 

30 

300 

40 

0.0012 

6000 

40 

300 

50 

0.0010 

6000 

60 

300 

60 

0.0007 

3000 

60 

300 

70 

O.OOOS 

6000 

70 

300 

80 

0.0003 

6000 

80 

300 

88 

0.0001 

6000 

88 

300 

90 

0.0000 

6000 

90 

eoo 

Cl 

10000 

0 

600 

20 

10000 

20 

600 

30 

10000 

30 

600 

40 

10000 

40 

600 

60 

10000 

60 

600 

60 

10000 

80 

600 

70 

10000 

70 

600 

80 

10000 

80 

600 

88 

10000 

06 

600 

00 

10000 

90 

1000 

0 

20000 

0 

1000 

20 

20000 

20 

1000 

30 

20000 

30 

1000 

40 

20000 

40 

1000 

60 

20000 

80 

1000 

60 

20000 

60 

1000 

70 

20000 

70 

1000 

80 

20000 

80 

1000 

68 

20000 

88 

1000 

00 

20000 

90 

4  2  3- 
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Table  99.  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  Flat  Plate 


S'-  160*  »  120* 


Altiiad* 

F 

Altitude 

Q.  ■. 

d«gr«« 

Q.  ■. 

degree 

100 

0 

0.0144 

3000 

0 

100 

20 

0.0133 

3000 

20 

100 

30 

0.0121 

5000 

30 

100 

40 

0.0108 

3000 

40 

100 

80 

0.0086 

3000 

80 

100 

60 

0.0068 

3000 

60 

100 

70 

0.0042 

3000 

70 

100 

60 

0.0017 

3000 

80 

100 

86 

0.0004 

5000 

86 

100 

00 

0.0000 

3000 

00 

300 

0 

0.0018 

6000 

0 

300 

20 

0.0014 

6000 

20 

300 

SO 

0.0012 

6000 

30 

300 

40 

0.0010 

6000 

40 

300 

60 

0.0008 

6000 

80 

300 

60 

0.0006 

6000 

60 

300 

70 

0.0004 

6000 

70 

300 

80 

0.0000 

6000 

80 

300 

86 

0.0000 

6000 

85 

300 

60 

0.0000 

6000 

60 

600 

0 

10000 

0 

600 

20 

10000 

20 

600 

30 

10000 

30 

600 

40 

10000 

40 

600 

60 

10000 

50 

600 

60 

10000 

60 

600 

70 

10000 

70 

600 

80 

10000 

80 

600 

66 

10000 

86 

600 

60 

10000 

00 

1000 

0 

20000 

0 

1000 

20 

20000 

20 

1000 

30 

20000 

30 

1000 

40 

20000 

40 

1000 

60 

20000 

60 

1000 

60 

20000 

60 

1000 

70 

20000 

70 

1000 

80 

20000 

80 

1000 

86 

20000 

86 

1000 

00 

20000 

00 

■i  ^  -1 


Table  100  Geometric  Factor  for  Reflected  Solar  Radiation  to  a  1  i.d  Plate 


m  150* 

9. 

»  150* 

Altitndf 

F 

Altliuds 

n. 

dtgr«« 

D.  ■« 

d«sr49 

100 

0 

0.0144 

3000 

0 

100 

20 

0.0131 

3000 

20 

100 

30 

0.0118 

3000 

30 

100 

40 

0.0102 

3000 

40 

100 

50 

0.0082 

3000 

80 

100 

60 

0.0060 

3000 

60 

100 

70 

0.0036 

3000 

70 

100 

60 

0.0011 

3000 

80 

100 

85 

0.0001 

3000 

85 

100 

90 

0.0000 

3000 

90 

300 

0 

0.0015 

6000 

0 

300 

20 

0.0013 

6000 

20 

300 

SO 

0.0011 

6000 

30 

300 

40 

0.0009 

6000 

40 

300 

60 

0.0007 

6000 

60 

300 

60 

0.0004 

6000 

60 

300 

70 

0.0002 

6000 

70 

300 

80 

0.0000 

6000 

BO 

300 

66 

0.0000 

6000 

86 

300 

00 

0.0000 

6000 

00 

600 

0 

10000 

0 

600 

20 

ICOOO 

20 

600 

30 

10000 

30 

eoo 

40 

10000 

40 

600 

60 

10000 

60 

600 

60 

10000 

60 

600 

70 

10000 

70 

600 

80 

ICOOO 

80 

600 

68 

IQOOO 

86 

600 

00 

10000 

00 

1000 

0 

20000 

0 

1000 

20 

20000 

20 

1000 

30 

20000 

30 

1000 

40 

20000 

40 

1000 

60 

20000 

50 

1000 

60 

20000 

60 

1000 

70 

20000 

70 

1000 

80 

20000 

80 

1000 

85 

20000 

86 

1000 

\90 

20000 

00 

1 


Table  101. 


Geoinet  i'ic  T'actor  for  Reflected  Solar  Radiat.ioa  to  a  I'l.R  Plate 


'f'»  150 

9 

<6. 

»  180* 

Altitod* 

F 

A1  ti 

a,  H. 

d«f r«« 

Oi  •  Bo 

r«c 

100 

0 

0.0144 

3000 

0 

100 

20 

0.0130 

3000 

20 

100 

30 

0.0117 

3000 

30 

ICO 

40 

0.0100 

3000 

40 

100 

50 

0.0081 

3000 

60 

100 

60 

0.0058 

3000 

60 

100 

70 

0.0034 

3000 

70 

100 

60 

0.0007 

3000 

80 

100 

BS 

0.0001 

3000 

85 

100 

00 

0.0000 

3000 

00 

300 

0 

0.0015 

6000 

0 

300 

20 

0.0013 

6000 

20 

300 

30 

0,0011 

6000 

30 

300 

40 

O.OOOtt 

60C0 

40 

300 

60 

0.0006 

6000 

50 

300 

60 

0.0004 

6000 

60 

300 

70 

0.0001 

6000 

70 

300 

80 

0.0000 

6000 

80 

300 

85 

0.0000 

0000 

85 

300 

00 

0.0000 

6000 

90 

600 

0 

10000 

C 

600 

20 

10000 

20 

600 

30 

10000 

30 

600 

40 

10000 

40 

600 

60 

10000 

60 

600 

60 

10000 

60 

600 

70 

10000 

70 

600 

oO 

10000 

80 

600 

65 

10000 

85 

‘'Zyt 

00 

10000 

00 

1000 

0 

20000 

0 

ICOO 

20 

20000 

20 

1000 

30 

20000 

30 

1000 

40 

20000 

40 

1000 

60 

20000 

60 

1000 

60 

20000 

60 

lUOO 

70 

20000 

70 

1000 

80 

20000 

80 

1000 

88 

20000 

85 

ICQO 

00 

20000 

00 

^  1  Z  o  - 
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